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RISK FACTORS ASSOCIATED WITH THE MUCOCILIARY APPARATUS IN INTENSNE 
CARE PATIENTS 
Ross James Kay BSc (Hons) 
Abstract 
Initially, there were two principal aims of this investigation. A laboratory based project 
studying the effect of elevated fraction of inspired oxygen on the ciliary coverage of rat 
trachea in culture and a clinically based investigation of the ciliary coverage and frequency 
of ciliary ultrastructural abnormalities in the bronchus of intensive care unit patients. The 
mucociliary apparatus is the main airway defence mechanism protecting the lungs from 
respiratory infections. It is vital in intubated patients, as they lack the back up clearance 
mechanism normally provided by the cough reflex. Ciliary coverage and ultrastructural 
integrity are two key components of effective mucus clearance. These initial studies led to 
the development of a repeatable whole organ culture method incorporating an air interface 
and a computer assisted method of precisely measuring ciliary coverage. 
Using these novel protocols the laboratory-based study demonstrated that elevated fraction 
of inspired oxygen caused ciliary denudation of rat trachea in vivo, the extent of which was 
proportional to the concentration of oxygen. The control group for the intensive care unit 
study showed that patient age was not associated with a change in the frequency of ciliary 
abnormalities in individuals below the age of 60 and illustrated the importance of 
analysing sufficient ciliary transverse sections under transmission electron microscopy. 
The intensive care study provided, for the first time, an insight into the mucociliary 
integrity of long-term intensive care patients. It confirmed that a reduction in ciliary 
coverage is associated with the duration of ventilatory support and the presence of a 
bacterial infection. There was no increase in the number of ciliary ultrastructural 
abnormalities in the ICU patients compared to healthy control subjects. The novel methods 
developed during this research should provide a reliable approach for assessing potential 
risk factors in future research, whilst the results of both the laboratory and clinical studies 
have significantly contributed to our knowledge of the function of the mucociliary 
apparatus in the critically ill. 
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"Here is Edward Bear, coming downstairs now, bump, bump, bump, on 
the back of his head, behind Christopher Robin. It is, as far as he 
knows, the only way of coming downstairs, but sometimes he feels 
that there really is another way, if only he could stop bumping for a 
moment and think of it." 
(A. A. Milne) 
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Glossary 
Autolysis 
Spontaneous lysis (rupture) of cells or organelles produced by the release of internal 
hydrolyic enzymes. Normally associated with the release of lysosomal enzymes. 
Atelectasis 
A term used to describe partial or complete collapse of the lung, usually due to an 
obstruction of a bronchus (with mucus plug, infection or cancer). 
Axoneme 
The central microtubule complex of eukaryotic cilia and flagella with the characteristic 9 + 
2 arrangement of tubules when seen in cross-section. 
Basal body 
Structure found at the base of eukaryotic cilia and flagella consisting of a continuation of 
the nine outer sets of axonemal microtubules but with the addition of a C tubule to form a 
triplet (like the centriole). 
Bronchiectasis 
Persistent and progressive dilation of bronchi or bronchioles as a consequence of 
inflammatory disease (lung infections), obstruction (tumour) or congenital abnormality 
(for example cystic fibrosis). 
Ciliostasis 
Cessation of ciliary beating. 
Convienience Sample Trial 
Patients were included in the study as appropriate or as they became available. The study 
did not investigate the whole patient population. 
Denudation 
The act of stripping off covering, or removing the surface; a making bare. 
Dynein 
Large multimeric protein (600-800 kD) with ATPase activity, constitutes the side anns of 
the outer microtubule doublets in the ciliary axoneme and is responsible for the sliding. 
Probably (together with kinesin) involved in microtubule associated movement elsewhere. 
Dysplasia 
Abnormality of development, in pathology, alteration in size, shape and organisation of 
adult cells. 
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Explants 
Living tissue transferred from an organism to an artificial medium for culture. 
Glycoproteins 
Conjugated proteins containing one or more covalently linked carbohydrate residues. 
While technically describing conjugates in which the carbohydrate is less than 4 per cent 
by weight, the term is often used generically to include the mucoproteins and 
proteoglycans. . · 
Hyperoxia 
An excess of oxygen in the system, resulting from exposure to high oxygen concentrations, 
especially to hyperbaric pressures of oxygen. 
Hyperplasia 
An abnormal increase in the number of cells in an organ or a tissue with consequent 
enlargement. 
Luminal 
Relating to the lumen of a blood vessel or other tubular structure. 
Metaplasia 
The change in the type of adult cells in a tissue to a form which is not formal for that 
tissue. 
Mucolytic Agent 
Destroying or dissolving mucin, an agent that so acts: a mucopolysaccharide or 
glycoprotein, the chief constituent of mucus. 
Otitis Media 
Infection and inflammation of the middle ear space and ear drum. 
Oropharynx 
The area of the throat at the back of the mouth. 
Polyposis 
Presence of several polyps. 
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Polyps 
A general descriptive term used with reference to any mass of tissue that bulges or projects 
outward or upward from the normal surface level, thereby being macroscopically visible as 
a hemispheroidal, spheroidal, or irregular mound like structure growing from a relatively 
broad base or a slender stalk. Classically applied to a growth on the mucous membrane of 
the nose, the term is now applied to such protrusions from any mucous membrane. 
Pseudo-stratified Epithelium 
An epithelium that gives a superficial appearance of being stratified because the cell nuclei 
are at different levels, but in which all cells reach the basement membrane, hence it is 
classed as a simple epithelium. 
Situs Inversus 
Condition in which the normal asymmetry of the body (in respect of circulatory system 
and intestinal coiling) is reversed. Interesting because it occurs in approximately 50% of 
patients with immotile cilia syndrome, a disorder of ciliary dynein. 
Squamous 
Scaly or Platelike. 
Viscoelasticity 
The property of a viscous material that also shows elasticity. 
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Chapter 1 
Genera/Introduction 
Cilia are the oldest known cell organelles and ciliary motility is the first ciliary function 
ever to be described, by the Dutch scientist Antoni van Leeuwenhook. Detailed in a letter 
to The Royal Society in London, dated November 1677 he wrote about a protozoan, 
"provided with divers incredibly thin feet, or little legs, which were moved very nimbly" 
(translations from Dobell, 1958). The first comprehensive account of cilia in the English 
language is by Sharpey in 1835. He described the presence of cilia in a wide variety of 
animals and reported Purkinje and Valentin 's (1834) discovery of cilia in the respiratory 
tract of mammals in the previous year. Sharpey confirmed their observations, noting that 
ciliary motion seems to convey the secretions along the lining membranes of the air 
passages, of both the nose and trachea. Ever since there has been a growing appreciation of 
the importance of mucociliary clearance in the efficient functioning of the respiratory 
system. 
Continuing observational research by such workers as Gray, Hilding, Lucus and Proetz 
who studied ciliary currents and function, helped increase understanding of ciliary 
movement and led to the important finding that mucus is propelled by the ciliary tips, 
which themselves move in a low viscosity layer below the mucus (Lucas and Douglas, 
1934). Progress in many areas of science helped contribute to the understanding of the two 
main components of this system, the cilia and mucus, but it took the development of 
electron microscopy to provide a truly detailed insight into the finer mechanics of ciliary 
action and ultrastructure. Electron microscopy revealed the 9 plus 2 arrangement (Figure 
1.1) of internal microtubules in sections of cilia (Fawcett and Porter, 1954), the discovery 
of subsidiary components of the axoneme (Afzelius, 1959) and evidence to support the 
sliding-microtubule hypothesis of ciliary bending (Satir, 1965). 
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When combined with improved biochemical techniques, electron mtcroscopy was also 
used by Gibbons (1965) to show the localisation of ATPase activity in dynein arms. We 
now have considerable knowledge of the pattern of ciliary movement, control, and their 
hydrodynamic relations with mucus. 
The ventilation of the I ung ranges between l ,000 and 21 ,000 litres per hour in humans 
dependent on body size and physical activity. This exposes the respiratory tract and lungs 
to a large burden of inhaled particles, including potential respiratory pathogens. Three 
defence mechanisms have evolved to protect the airways: (1) alveolar clearance, which 
removes insoluble particles deposited on the respiratory surface of the lungs (Jones, 1984). 
(2) coughing, when there is hypersecretion or ciliary damage, secretions are cleared by 
cough, which is both dependent on air flow and the interaction between sputum and the 
epithelium (King et al., 1989). Coughing is a back-up system for the most important 
respiratory defence mechanism (Leith, 1968), (3) the mucociliary apparatus. The 
mucociliary apparatus has three major functions, firstly it acts as a mechanical barrier by 
trapping inhaled particles and removing them from the tracheobronchial tree by ciliary 
action. Secondly, it acts as a chemical screen, containing protective compounds such as 
antioxidants and thirdly, the surface liquids act as a biological barrier by interacting with 
micro-organisms and luminal inflammatory cells, thereby preventing them from adhering 
to, and migrating through, the airway epithelium (Wanner et al., !996). 
The mucociliary apparatus is present from the nasal cavity as far distally as the 17'h airway 
division. The total area covered by respiratory ciliated epithelium is about 0.55 m2 and the 
total number of ciliated cells per person has been estimated at about 3 x 1012 (Afzelius, 
1979). The cells are pseudostratified columnar epithelium and have approximately 200 
cilia per cell as well as numerous microvilli. 
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Each cilium has a length of 5 - 7 pm in the trachea and 2 - 3 pm in the seventh airway 
generation and a typical diameter of 0.25- 0.33 pm (Clarke, 1989). Although the airway 
epithelium contains a number of different types of resident cells, only ciliated columnar 
cells, secretory cells in the.surface epithelium, and sub-mucosal glands seem to contribute 
directly to mucociliary function (Sleigh et al., 1988). In mucociliary clearance there are 
three essential components: active cilia, mucus and periciliary fluid. Biological debris and 
inhaled insoluble material becomes trapped on lhe upper sticky gel layer, which is swepl 
by cilia bathed in a watery periciliary layer below, towards the oropharynx where it is 
swallowed or expectorated. The lining epithelium of the respiratory tract is thickest in the 
upper airways, where a substantial sub-mucosal layer is present, tapering away in the 
thinner airways, leaving flattened epithelium thought to be involved in surfactant secretion 
(Schneeburger, I 977). 
Submucosal glands are present to the smallest bronchi, whose walls contain cartilage. 
Goblet cells are present in the epithelia of all ciliated areas, becoming progressively fewer 
in the finer bronchioles and a reduction in both types of secretory cells is mirrored by a 
reduction in ciliated columnar cells. The secretory granules of mucous cells contain high 
molecular weight glycoproteins, with sialic acid and sulfate groups, measuring about 800 
nm in diameter (Jeffery et al., 1992). There are approximately 6,500 mucous cells per 
mm2 surface epithelium in the human trachea (EIIefsen and Tos, 1972). Serous cells 
contain fewer secretory granules that measure 600 nm in diameter and contain mainly 
natural glycoproteins (Jeffery et al., 1992). In humans the volume of sub-mucosal glands is 
about 40 times that of goblet cells, but the presence of goblet cells in the peripheral 
airways may make them of more physiological importance. In the upper airways the 
ciliated cells provide almost continuous ciliary cover, with a ratio of I goblet cell to 5 
ciliated cells (Rhodin, 1966). 
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In the lower respiratory tract, ciliary coverage reduces, with more brush cells being 
present, which are covered with a border of microvilli, having a possible absorptive 
function (Wanner et al., 1996). Microvilli measure approximately 1.0 JJm in length and 0.1 
to 0.3 JJm iQ diameter (Alexander et al., 1975). All cilia, irrelevant of the species in which 
they are found, have a 9 + 2 microtubular axoneme, indicating that they have been 
structurally preserved throughout evolution. The respiratory cilia of humans and all 
mammals, are remarkably similar when compared in scanning (SEM) or transmission 
electron microscopy (TEM) (Fawcett and Porter, 1954). The nine outer doublet 
microtubules are interconnected by nexin links and joined by radial spokes to two centrally 
positioned microtubules (Figure 1.1 ). 
The microtubules are primarily constructed from a - and ~-tubulin and dynein, but also 
possess over 200 other potentially motor associated proteins (Fawcett and Porter, 1954, 
Afzelius, 1959). Each outer doublet is made up of a complete A- subfiber ( 13 
protofilaments) upon which an incomplete B- subfiber (10 to 11 protofilaments) is 
attached, sharing part of the complete microtubule (Wanner et al., 1996). An outer and 
inner dynein arm, which are paired adenosine triphosphatase (ATPase), originate from the 
A- subfiber and project towards the B-subfiber in a clockwise direction (as seen from the 
base). 
Figure 1.1 The schematic structure of 
the normal cilium in cross section (to 
scale) as seen from the ciliary base 
towards the tip, showing: outer doublet 
microtubules made up of A and 8 
subfibers (A,B), connected by nexin 
links (n). The outer (o) and inner (i) 
dynein arms and radial spokes (r) 
which conect the outer doublets with 
the central pair (p) . 
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The axonemal structure repeats itself in 96 nm long units, the entire length of the cilium, 
except for the ciliary crown and base. At the tip of the cilium the nine outer doublets taper 
into single A-subfibers, which fuse into a trans-membrane complex called the ciliary 
crown (Foliguet and Puchelle, 1986). The ciliary crown possesses three to seven short 
claws (25 to 35 nm long) which, it is assumed, help them to engage the overlying mucus 
sheet during the effective stroke (Houtmeyers et al., 1999). At the base of the cilium, the 
cilia become triplets ending in a basal body anchored to the cytoskeleton (Sleigh and 
Silvester, 1983). The basal body has a foot which points in the direction of the effective 
stroke, with all cilia in the same cell possessing feet with similar orientation (Holley and 
Afzelius, 1986), ensuring they all beat in a common direction. Adjacent cells, however, do 
not have identical orientation with a standard deviation of 27% from a mean orientation 
having been reported (Rautiainen, 1988). 
Respiratory, mucus-propelling cilia exhibit a rhythmical beating pattern, consisting of two 
active components: an effective stroke, during which the fully extended cilium moves in a 
plane perpendicular to the cell surface and a recovery stroke, during which the cilium 
bends sideways and backwards near to the cell surface (Figure 1.2). The duration of the 
recovery stroke is 2-3 times that of the effective stroke (van der Baan, 2000) and the cilium 
ends the effective stroke with the cilium tip pointing in the direction of propulsion, thereby 
minimising resistance to mucus flow (Sleigh, 1981). After the effective stroke there is a 
short resting phase before the cilium starts the recovery stroke, the duration of which is 
dependant on beat frequency. 
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3 Figure 1.2 Ciliary beat. The 
cilium perfonns an effective 
stroke (black cilium) and stays 
in a resting position (5) for 
some time. The recovery stroke 
is then begun (grey dashed 
cilium) and is done in a third 
dimension. 
Active sliding movements of the outer doublets, powered by the A TPase dynein arms, 
produce the beating of the cilium. The speed of the sliding movements and consequent beat 
frequency is correlated with the number of dynein arms and the concentration of ATP 
(Sleigh et al., 1988). The structure of the cilium is maintained by the nexin links, whilst the 
radial spokes transform the sliding motion of the rnicrotubules into the bending of the 
cilium. Adjacent cilia beat simultaneously, stimulating cilia on adjoining cells to begin 
beating, resulting in short (20-40nm), metachronal waves of ciliary motion and subsequent 
clearance of mucus. 
Cilia beat frequency increases from the peripheral parts of the respiratory tract (7-12 Hz) to 
the central airways (13-27Hz), despite great variation being found even between adjoining 
units of ciliated cells (van der Baan, 2000). The velocity of mucus clearance is reported to 
be between l0-24 mm/min in the trachea, 5-7 mm in the nose and 2-5 mm/min in the 
bronchioli (van der Baan, 2000). T here appears to be great inter-individual variation but 
within individuals the clearance rates are fairly constant. 
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Chapter 2 
Literature Review 
2.0 lnvcstigational Methods 
Mucociliary clearance is the major defence mechanism of the airways. Alternative 
methods of mucus clearance, such as cough and other antibacterial defence mechanisms of 
the tracheobronchial tree, are not sufficient to prevent chronic respiratory infections and 
are often lacking in ICU patients. Optimal mucociliary clearance may be defined as that 
which clears contaminants and excess secretions from the respiratory tract most quickly. 
This clearance is critically dependent on the successful relationship between cilia, mucus 
and peri-ciliary fluid. A change in the characteristics or quantity of any one of these factors 
will alter transport rate. 
There are a number of reports that have assessed the mucociliary clearance rate (MCC) in 
different parts of the human respiratory tract. Measurement of MCC offers a direct 
measure of the effectiveness of the mucociliary apparatus in vivo without invasive tissue 
collection. Friedman et al. ( 1977) were the first group to introduce roentgenographic 
bronchofiberscopy measuring tracheal MCC in anaesthetised dogs. This technique 
involves depositing radiopaque discs of Teflon mixed with bismuth trioxide in the trachea 
and measuring their movement using a fluoroscopic image intensifier. Wanner (1980) 
using this method, has reported that human tracheal mucus velocity averages !Omrnlmin 
and Konrad et al. (1992) have shown a bronchial MCC of about 9mrnlmin, which is in 
agreement with several measurements from mammals (Asmundsson and Kilbum, 1970; 
Todd et al., 1991 ). 
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The saccharine test is an easy, non-invasive method to measure nasal cavity mucociliary 
function. This approach is fairly reliable and requires little training or equipment. This test 
uses nasal ciliary action to convey the sweet taste of saccharine to the oropharynx where it 
is detected. The time taken for the transportation of dissolved saccharine from the anterior 
nasal cavity to the oropharynx is a reflection of ciliary action in the nasal cavity, which is 
reasonably reproducible. The saccharine Tablet is deposited at least 7mm behind the 
turbinate's anterior end where there is a high presence of cilia that beat in an anterior 
direction (Tsang et al., 2000). The time from saccharine .placement until the subject reports 
the first sensation of a sweet taste is measured to the nearest minute. 
The result is usually expressed as 'nasal clearance time' and in healthy subjects is normally 
under 30min (Stanley et al., 1984). The saccharine test is a good measure of nasal ciliary 
function but possesses some substantial limitations. The information it provides is limited 
to the nasal cavity and may not reflect the situation in the lower airways. In addition, it can 
not be performed in the critically ill as the patient is unconscious and can not report any 
taste sensations. These constraints meant that this method was considered unsuitable for 
the current research. 
An alternative to measuring overall mucociliary function is to photo-electrically measure 
cilia beat frequency (CBF) of samples collected by cytology brushing. Dalhamm (1962) 
first developed the technique and with later refinement during the late seventies and early 
eighties (Horstmann et al., 1977; Low et al., 1984; Rutland et al., 1981; Wilson et al., 
1985; Yager et al., 1978) CBF became a very popular method of assessing mucociliary 
function (Joki et al., 1998; Jorissen and Bessems, 1995; King et al., 1995; O'Callaghan et 
al., 1995; Raphael et al., 1996b; Selwyn et al., 1996b; Stanek et al., 1998). 
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An investigation by Clary Meinsez et al. ( 1997) shows that cilia from peripheral 
bronchioles (mean, 4.6 Hz; SD, 1.39) beat at a 35% lower beat frequency than cilia from 
proximal bronchi (mean, 7.1 Hz; SD, 1.29). This trend continues with Roth et al. (1991) 
showing that tracheal CBF (13.6 +1- 1.5 Hz) is significantly faster than that found in the 
bronchi. 
As cilia are minute structures, direct methods to visualise them always require some form 
of microscopy. These include light, transmission electron (TEM) and scanning electron 
(SEM) microscope examination. Although light microscopy allows assessment of living 
cilia and thus is the only way to directly visually assess ciliary beating, its relatively low 
magnification power disallows its use for directly assessing ciliary coverage or internal 
ultrastructure. Transmission electron microscopy is the only viable approach to assess the 
internal cilia ultrastructure and scanning electron microscopy to measure ciliary coverage. 
In order for the mucus to be cleared effectively, the orientation of all respiratory cilia must 
be specific so that their effective stroke only propels mucus in one direction, towards the 
pharynx. If there were an appreciable presence of disorientated cilia, then effective 
clearance would be hindered, leading to possible respiratory complications. A reliable 
method to measure ciliary disorientation was developed by Rautiainen et al. ( 1986) by 
obtaining transmission electron micrographs of clear, non-oblique cross sections of cilia, 
typically at around 30K. The resulting images have lines electronically drawn through the 
central pair of microtubules, with the direction of beating being perpendicular to this line. 
Image analysis software is then used to calculate the angles of the lines, relative to the 
horizontal. This approach is illustrated in the following micrograph (Figure 2.1). 
34 
Figure 2.1. Transmission electron micrograph taken at 30K magnification illustrating the process of 
drawing reference lines through the central microtubules. These angle of these lines are measued against 
the horizontal plane and the standard deviation of the cilia alignment calculated. 
The degree of orientation is determined by calculating the standard deviation of these 
measurements. Rayner et al. (1996) has used this technique to show that symptoms 
consistent with primary ciliary dyskenisia (PCD) can be purely attributed to ciliary 
disorientation and that viral disorientation may occur secondary to inflammation caused by 
respiratory infections (Rayner et al. , 1995). The current consensus in the literature is that 
the mean standard deviation of respiratory cilia in healthy subjects can be up to 35 degrees 
(de Iongh and Rutland, 1995; Rautiainen et al., 1986; Rautiainen et al., 1990). The 
importance of correct ciliary ultrastructure has been highlighted by Willems and Jorissen 
(2000) who concluded that acquired ciliary defects play a crucial role in causing 
mucociliary dysfunction. 
35 
The method used to assess the abnormalities in my research is based on a technique 
employed by Rautiainen et al. (1987). Samples are screened under the TEM at around 
30K, by counting and recording the number of cilia and ciliary abnormalities. The 
abnormalities are classified into several different types and the prevalence of each is noted. 
These abnormalities, combined and separated are then expressed as a percentage of the 
total cilia counted. A complete description of the method is described in Chapter 3. 
Ciliary coverage is usually analysed by examining biopsies of respiratory mucosa under 
scanning electron microscopy (SEM) at the lowest possible magnification that will avoid 
areas of mechanical damage produced during excision. The methods traditionally used to 
assess ciliary coverage rely on an observer estimate of percentage ciliary cover, allocating 
it to arbitrary classifications. For example Konrad et al. ( 1995) divides ciliary cover into 
three categories: (I) Ciliated area greater than 75% of the luminal surface area; (2) Ciliated 
area between 75% and 50%; (3) Ciliated area less than 50%. In some papers only a simple 
noting of the presence, or general ciliary coverage, of a sample is recorded (Obara et al., 
1979). 
This review illustrates that there are three distinct approaches to assessing mucociliary 
health. To measure ciliary function using direct (roentgenographic bronchofibroscopy, 
saccharine test) or indirect (CBF) approaches, using SEM to assess ciliary coverage and 
using TEM to study cilia ultrastructure and orientation. My research did not include 
functional testing of respiratory cilia for the following reasons: 
• Roentgenographic bronchofibroscopy could not be conducted as the equipment and 
staff were not available and the procedure was considered to be too invasive for the 
ICU patients. 
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• The saccharine test could not be conducted for the ICU study, as the patients were 
unconscious. The elective surgery patient samples for the ageing study were being 
taken as part of another study into the effects of smoking. It was felt that as the smoke 
stream does not usually come into contact with the nasal cavity and would primarily 
effect the tracheal and bronchial epithelium, that collecting functional measurements 
for the nose would not be sufficiently relevant to justify the cost in patient and staff 
time. 
• The use of CBF equipment was considered for all three of the studies and would have 
been most relevant for the oxygen toxicity research. Unfortunately the equipment was 
not ready for use until this study had finished. It was decided not to use the apparatus 
for the ICU and ageing studies as CBF analysis is fairly unreproducible with a wide 
range of cilia beat frequencies (CBFs) having been reported in the airways of 
mammals, including humans. This variation can probably be attributed to the immense 
change in influences that the cilia are subjected to for the technique. This includes the 
removal of blood tlow, the cilia-air interface, any previous systemic influences, 
temperature changes and the mechanical trauma associated with the excision of the 
tissue from the patient. 
It was decided to concentrate on measuring pathological changes to the ciliated epithelium 
using the most reliable techniques available. As previously discussed, TEM is the accepted 
method to measure and assess ciliary abnormalities and was therefore employed for both 
the ageing and ICU studies. 
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No direct assessment of ciliary orientation would automatically take place as the literature 
illustrates that only a mean standard deviation of over 35 degrees could be considered 
abnormal and this level of disorganisation would be obvious during the assessment of 
abnormalities. As such, only if disorientation were seen would it be _measured. Adequate 
ciliary coverage is an obvious prerequisite of good mucociliary function and its assessment 
has been favored in many previous studies. It is the most commonly used, non-functional, 
indicator of mucociliary health and for this reason was selected for the ICU and oxygen 
toxicity studies. 
2.1 Medical conditions affecting the mucociliary apparatus 
Bateman et al. (1983) showed that Mucociliary clearance (MCC) of the large airways is 
reduced in asthmatic patients, which combined with mucus showing abnormal visco-elastic 
properties (Fanta, 1985), often leads to widespread plugging of small bronchi and 
bronchioles. This reduction in MCC has been shown to be present even during periods of 
remission (Pavia et al., 1985). 
Interestingly, however, Svaertengren et al. (1996) later showed that this reduction in MCC 
was not present in the smaller ciliated areas of the tracheobronchial tree, with particles 
being cleared from the bronchioles at the same rate as in healthy control subjects. Wanner 
et al. ( 1996) reported that many of the problems encountered by asthmatics have been 
associated with inflammation of the airway epithelium, causing constant irritation. This 
irritation may stimulate MCC in the short term, but over time, lead to epithelial damage, 
hypersecretion and impaired clearance, making reduced MCC secondary to the disease 
(Houtmeyers et al., 1999). 
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Research usmg asthmatic patients has revealed that inflammatory cell products have 
variable effects on ciliary activity, and most cause atrway hypersecretion leading to 
reduced MCC (Wanner et al., 1996). Bronchiectasis occurs when retention of secretion 
leads to mucus plugging and infection, in the absence of functioning cilia (Warwick, 
1983). Mucus clearance is often greatly reduced in these patients, with the greater the 
reduction in MCC, the more generalised the airway symptoms, affecting both the upper 
and lower airways (Svartengren et al., 1986). There is a wide variation in CBF of nasal 
mucosal samples taken from bronchiectatic subjects, with patchy evidence for a reduction 
in ciliary beating (Veale et al., 1993) suggestive of a secondary ciliary defect causing the 
reduced mucus transport. 
Cystic fibrosis (CF) is a common lethal genetic disease that affects epithelia. Although it 
does affect the pancreas, sweat glands, intestine and male genital tract, pulmonary 
complications are the major cause of morbidity and mortality (Welsh et al., 1994). A 
defect in the CF transmembrane regulator gene results in reduced chloride secretion into 
the airway lumen and increased sodium and water absorption from the lumen, resulting in 
a dehydrated mucus that is difficult to clear and prone to bacterial colonisation and 
infection (Wood et al., 1976). The infection causes extensive damage to the mucociliary 
apparatus, with inflammatory cell and bacterial products, especially from S. aureus and 
several strains of P. aeruginosa, resulting structural and functional alterations to the cilia 
(Wanner et al., 1996). In CF patients there is hypersecretion, with increased viscosity, as 
demonstrated by decreased transportability on the frog palate (Puchelle et al., 1983). This 
finding is supported by several studies showing reduced MCC in the bronchus (Matthys 
and Kohler, 1986; Regnis et al., 1994; Yeates et al., 1976), and trachea (Wood et al., 1975) 
of CF sufferers, even in those with very mild symptoms (Regnis et al., 1994). 
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Chronic Bronchitis (CB) is characterised by the presence of persistent mucus 
hypersecretion and is associated with varymg degrees of airway obstruction. CB is 
generally considered in two forms, simple CB is defined as chronic expectoration of 
mucoid secretions without maJOr airway obstruction, whilst in obstructive CB, airway 
obstruction is present. Cigarette smoking usually causes both forms of bronchitis. There is 
conflicting evidence within the literature about the effect of CB on MCC, with Ericsson et 
al. (1987) reporting only a slight decrease in MCC in patients with simple CB, whilst 
Goodman et al. (1978) reports a markedly depressed tracheal mucus velocity (TMV). 
In contrast, Morretti et al. (1997) showed that in CB patients, a large bronchodilator 
response is associated with faster clearance of mucus by mucociliary transport and 
coughing. Most authors do agree that coughing does compensate for reduced MCC in 
patients with simple and obstructive CB, producing fairly effective overall airway 
clearance (van der Schans et al., 1990). The histological findings of patients with CB and 
asymptomatic smokers are similar: hypertrophy and hyperplasia of submucosal glands, 
increased numbers of goblet cells, atrophy of columnar epithelium, squamous metaplasia 
and a reduction in the number of ciliated cells (Carp and Janoff, 1980). 
It has been suggested that sputum from CB patients can inhibit cilia beat frequency (CBF) 
(Puchelle and Zahm, 1984) on the frog palate model, which they attribute to increased 
mucus viscosity. This relationship has been attributed to purulent airway secretions as 
demonstrated by Hasani et al. (1994), who studied mucoid sputum in CB patients, 
founding no correlation between sputum viscoelasticity and ciliary or cough clearance. CB 
patients are interesting in so far that they share similar symptoms as patients with primary 
ciliary dyskinesia (PCD). Both groups suffer from cough, expectoration and varymg 
degrees of fixed airway obstruction. 
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The clearest example of ciliary malfunction is Kartagener's syndrome, one of the 
conditions covered by the umbrella term, primary ciliary dyskinesia (PCD). Kartagener's 
syndrome is the association of situs inversus, with chronic sinusitis and bronchiectasis 
(Afzelius, 1995). Kartagener's syndrome has provided an excellent opportunity for 
research into the effec;:t of a pure defect of ciliary ultrastructure, and by implication, the 
role of cilia in maintaining respiratory health. This condition was first discovered by 
Pedersen and Rebbe (1975) (Pedersen and Rebbe, 1975) who studied a patient with 
Kartagener's syndrome suffering from immotile spermatozoa, which lacked both inner and 
outer dynein arms. 
It is well known that the ultrastructure of sperm tails and cilia axonemes have very similar 
structures and as such it was postulated that the lack of dyncin arms might be mirrored in 
the respiratory cilia. Afzelius (1976) studied four subjects who produced immotile sperm 
and found that in three of the patients, who had frequent bronchitis and sinusitis, there was 
no mucociliary transport, as measured by tracheobronchial clearance. An ultrastructural 
investigation using electron microscopy indicated that cilia from the respiratory epithelium 
of these patients lacked dynein arms. 
There are other causes of the condition PCD and although the absence of the outer dynein 
arms is the most common defect, missing radial spokes, translocation of outer doublet 
microtubules (Salathe et al., 1997) and ciliary disorientation (Rayner et al., 1996), have 
been observed. PCD patients have a range of ciliary function, from complete ciliostasis to 
almost normal CBF, but the cilia beat in an uncoordinated fashion resulting in poor mucus 
transport (Houtmeyers et al., 1999). PCD is a genetic disorder affecting cilia not only in 
the respiratory tract, but also the modified ciliary sensory epithelia of the eye and ear. 
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As such these patients often suffer from nasal polyposis, bronchitis, rhinitis, sinusitis, otitis 
media, reduced fertility and often obstructive lung disease associated with bronchiectasis 
(Afzelius, 1976; Afzelius, 1995). It should be noted that even in patients with proved PCD, 
the ciliary axoneme can appear normal, suggesting that functional defects of the dynein 
arms c;an occur at a biochemical and molecular level, rather than as a distinct structural 
defect (de Iongh and Rutland, 1995). 
2.2 Acquired ciliary defects 
Acquired ciliary defects normally involve re-arrangements or omissions to the ciliary 9 + 2 
axoneme, as illustrated in Figure 2.2, opposed to the dynein arm and spoke defects of 
genetically altered axonemes. Several reports have shown that acquired ciliary defects tend 
to be focal in nature, being found at the site of stimulus. In healthy individuals, some 3% to 
5% of a large number of cilia can have axonemal microtubular abnormalities (Rossman et 
al., 1984, Fox et al., 1983, Torkkeli et al., 1997). These may represent acquired ciliary 
alterations, due to continuous exposure of the respiratory surfaces to external 
environmental challenges and recurrent infections, but the functional ciliary physiological 
shortcoming is insufficient to produce recognisable clinical symptoms (Ballenger, 1988). 
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Figure 2.2 Acquired abnonnalities of the ciliary axoneme. A) expanded 
membrane, B) missing and C) extra central microtubule, D) missing membrane, E) 
compound, F) missing peripheral doublet, G) disarranged axoneme and H) extra 
peripheral doublet. 
Acquired ciliary defects have, as long as they are present in reasonable numbers (> 5% ), 
been shown to negatively affect cilia beat frequency (CBF) (Willems and Jorissen, 2000), 
reduce MCC (Torkkeli et al., 1997) and be linked with increased ciliary disorientation 
(Rayner et al., 1995). As summarised by Willems and Jorissen (2000) in Figure 2.3, there 
is evidence that a high frequency of acquired ciliary abnormalities is correlated with a 
reduction in CBF and an increase in ciliary disorientation, which may in turn reduce MCC. 
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Figure 2.3 Schematic of the correlation among the ciliary structural and functional parameters, lines 
represent: solid black = positive correlation, double = negative correlation, dotted = no evidence for a 
correlation. Adapted with permission (Appendix 3) from Willems and Jorissen (2000) 
It has been shown that patients with upper respiratory tract infections have a higher 
prevalence of acquired ciliary defects. A report by Tamalet et al. (2001) investigated the 
ciliary defects of a paediatric population suffering recurrent respiratory infections. They 
found that the patients could be classified into three groups, according to the main 
ultrastructural defect, which were central complex, peripheral microtubular and lacking 
dynein arms. The patients lacking dynein arms due to a congenital defect, had a good 
prognosis if treated correctly. The patients with peripheral anomalies also suffered less 
common and less severe infections, suggesting that these defects have less impact on 
ciliary motility. The most severely affected group were those that possessed a high 
incidence of central microtubular defects, which the authors suggest, in the large frequency 
found, must be a congenital defect. There is, however, evidence that lacking central pairs 
might be an artefact of autolysis, usually post the cell detaching from the mucosal surface 
(Fox et al., 1983), which is supported by the fact that few cilia are often affected (Carson 
et al., 1985) and that the abnormalities are highly focal in nature. 
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It is quite likely, especially if brushings are taken from the trachea, that dead cells that 
have detached from the mucosa and that are being cleared by mucociliary action, might 
contaminate the sample. Common respiratory infections are thought to be a major cause of 
acquired microtubular anomalies. Carson et al. (1985) reported that 22 out of 30 
individuals, with proved natural vira~ colds, (influenza A and B, adenovirus, parainfluenza 
virus, respiratory syncytial virus and herpes simplex virus) had a prevalence of nasal 
ciliary ultrastructural abnormalities well in excess of the normal 3% to 5% range. In the 
other eight individuals sloughing of the epithelium was too advanced for assessment of 
ciliary ultrastructure. This group reported that the prevalence was highest after one-week 
post-symptoms and took 6-10 weeks for the cilia to return to normal appearance. 
In addition to an increase in ciliary defects, viral infections result in ciliary denudation 
(Wilson et al., 1987) and an increase in the depth of the watery periciliary mucus layer 
(van der Baan, 2000), thereby decreasing mucociliary clearance. Viruses play a synergistic 
role in predisposing patients to bacterial infection of the airways. This may occur through a 
number of possible mechanisms including, loss of ciliated epithelial cells, slowing of CBF, 
increase in mucus production, alteration in mucus rheology, or change in epithelial cell 
receptors for bacterial adherence (Sakakura, 1983, Wilson et al., 1987). Interestingly, poor 
clearance, like that found in PCD patients, has been reported not to predispose patients to 
viral rhinitis (van der Baan, 2000). Bacteria that cause bronchial infections possess a wide 
array of pathogenicity factors, which help them to colonise and damage airway epithelium. 
These include a range of exoproducts that impair mucociliary clearance (Wilson et al., 
1996). These products and the direct result of infection, can lead to ciliary denudation, 
increased mucus production, mucosal inflammation with hyperplasia of goblet cells and 
hypertrophia of submucosal glands (van der Baan, 2000). 
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Gilula and Satir (1972) showed that Mycoplasma pneumonia, a common respiratory 
pathogen, causes a deterioration of the ciliary necklace located at the base of the cilium, 
which is a necessary precursor for correct microtubular formation. They postulate that the 
resulting abnormally formed cilia, will not function properly, and in part contribute to the 
resulting clinical symptoms. Pseudomonas aeruginosa, another common respiratory 
pathogen has been shown to cause ciliostasis (Hingley et al., 1986) and ciliary 
disorientation, the extent of which was correlated closely with reduced MCC (Rayner et 
al., 1995). 
2.3 Environmental PoUutants 
The number of chemicals, including numerous volatile substances, which are potentially 
hazardous to human airways, has increased rapidly in the industrialised world. The most 
common atmospheric pollutants are sulphur dioxide (S02), nitrogen dioxide (N02), Ozone 
(03) and a variety of particulates such as sulphuric acid (H2S04). It is, therefore, not 
surprising that the bulk of interest, and extensive work, has concentrated on these 
compounds. The results of the early research suggested that short-term (hrs) exposure, to 
low concentrations (<5 ppm) of these environmental pollutants caused transient 
ciliostimulation, mucus secretion and subsequent increase in MCC (Newhouse et al., 
1978). 
Exposure to low concentrations ( <5 ppm) of these environmental pollutants over the long-
term (mths), or high concentrations (>15ppm) over the short-term (days/wks), has been 
shown to damage the airway mucosa, cause ciliary denudation, mucus cell hyperplasia and 
metaplasia, hypersecretion and produce a reduction in MCC (Wanner et al., 1996). 
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2.3.1 Sulphur dioxide 
The main source of S02 in the industrialised world is from the burning of fossil fuels such 
as coal and oil, commercially and domestically. On the basis of environmental monitoring 
data, it is rare to find S02 concentrations exceeding 5 ppm, and H2S04 levels above lOO J.lg 
m·\ even in the most polluted areas (Stokinger, 1972). Most investigations into the effects 
of pollutants on CBF have used animal models, making extrapolating their results to 
human airways difficult. An investigation into the effects of S02 on human CBF by 
Riechelmann et al. ( 1994) found a concentration related decrease in CBF of nasal ex plants 
in vitro, with 2.5 ppm so2 for 30 rnin resulting in a 40% decrease in beat frequency. 
A later experiment by the same group (Riechelmann et al., 1995), found that exposing 
guinea-pig respiratory epithelium to 7.5 mg m-3 of so2 in vitro, for 30 min, caused only 
minor morphological alterations to the respiratory epithelium. When this group increased 
the concentration to 15 mg per m·3 S02, they found epithelial sloughing, intracellular 
oedema, mitochondrial swelling, widened intercellular spaces and ciliary cytoplasmic 
extrusions. Although the concentrations used in these experiments are higher than those 
commonly found, even in highly polluted areas, the potential shown to cause 
morphological alterations, may be an important pathophysiological factor in terms of 
increased incidence of upper airway infections in polluted areas. 
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2.3.2 Ozone 
Ambient 0 3 concentrations will rarely exceed over 1 ppm in polluted areas, for even short 
periods of time (Stokinger, 1972) and is actively removed from the inhaled air in the upper 
and central airways (Moorman et al., 1973), causing a minimal risk to the lower respiratory 
tract. Despite this, 0 3 induced lesions are more common in the bronchioles, than in the 
trachea (Stephens et al., 1974a), and can occur at even ambient concentrations (1 ppm), 
damaging respiratory epithelium and ciliary cytoskeletons (Castleman et al., 1980). 0 3 has 
also been shown to induce an increase in secretory cell density and delay the maturation of 
the mucociliary apparatus, although there is evidence that morphological tolerance may 
occur in the rat (Stephens et al., 1974b). 
2.3.3 Nitrogen dioxide 
N02 is probably the most common gaseous pollutant, being produced by several 
combustion processes in industrial locations, and by gas stoves in homes, although 
concentrations exceeding 2 ppm are rare (Stokinger, 1972). N02 appears to be the least 
injurious compound to the respiratory tract, causing histological changes at only very high 
concentrations and long exposures (in bronchioles) (Wanner et al., 1996). The N02 
induced changes appear to be temporary, even if exposure continues, suggesting airway 
tolerance through an adaptive process (Evans et al., 1972). The results from single 
pollutant exposure experiments are difficult to interpret in terms of the multiple compound, 
low level mixtures found in polluted areas. A study by Saldiva et al. (1992) has tried to 
investigate this problem by using rats, which were housed for 6 months in the center of Sao 
Paulo (the largest South American city) and were compared to controls kept for the same 
period in a clean area. The rats exposed to air pollution developed secretory cell 
hyperplasia in the airways, ultrastructural ciliary alterations, and more viscous mucus, 
which all contributed to a fall in MCC. 
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2.4 Potential risk factors for ICU 
The following literature review refers to research conducted into risk factors for 
mechanically ventilated critical care including smoking, anaesthesia, adequate 
humidification of inspired gases and a review of commonly used drugs in intensive care 
unit (ICU) treatment 
2.4.1 Smoking 
The bulk of published evidence indicates that long-term cigarette smoking inhibits 
mucociliary transport in human subjects, but over shorter periods of time (under 6 months) 
the evidence is conflicting. The influence of smoking on MCC also appears to be subject to 
inter-individual variation. For example, although five of thirteen young smokers in the 
study of Goodman et al. (1978) had tracheal mucus clearance within the range of age-
matched non-smokers, the remainder had markedly depressed values. Goodman et al. 
(1978) also noticed the same trend in ex-smokers, with five of the nine tested having 
comparable clearance with non-smokers while the other four were markedly depressed. 
They also measured tracheal MCC before and within 10 minutes after smoking a cigarette 
in a group of smokers, but they noted no consistent change in mucus clearance. Mortensen 
et al. (1994) reports that MCC is faster in lifelong non-smokers than in ex-smokers. Long 
term effects of cigarette smoke on airway mucociliary transport have also been studied in 
different animal species and in man. In pure bred beagle dogs exposed to cigarette smoke 
(I 00 cigarettes a week) for approximately a year, Wanner et al. (1973) demonstrated a 
decrease in tracheal mucus transport rate to approximately 30% of that observed in control 
animals. It has subsequently been shown that a reduction of tracheal MCC in beagle dogs 
may already be present after only 6 months of exposure (Park et al., 1977). Partially 
recovered mucociliary transport has been observed in severe smokers after 3 months of 
cessation or more, but not after one weeks cessation (Camner et al., 1973). 
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A relevant study, in relation to critical care research, published by Konrad et al. ( 1993) 
investigated MCC in comparable smokers and non-smokers who had undergone major 
abdominal or thoracic surgery with postoperative mechanical ventilation. Smokers were 
comparable to non-smokers in respect to age, preoperative lung function tes~s, body 
temperature, duration of mechanical ventilation, dose of anaesthetics and intra-operative 
blood loss. Smokers were found to have a significantly slower bronchial mucus transport 
velocity when compared with non-smokers, 1.3mm/min versus 9.7mm/min in the bronchi 
and pulmonary complications occurred in four out of 12 smokers and only one out of 22 
non-smokers. Although general morphological changes of the respiratory epithelium have 
been reported there has been very little study into the effects of smoking on the 
ultrastructure of cilia. Verra et al (1995) found a higher percentage of ciliary abnormalities 
in smokers and ex-smokers than in non-smokers with chronic sputum production (CSP), 
suggesting that chronic smoking may induce an increased number of abnormal cilia. This 
could contribute to the impairment in mucociliary transport which predisposes smokers to 
respiratory infections. To the best of my knowledge, prior to a study conducted by Miss 
Joanne Kirkby and myself, there had been no investigation into the prevalence of ciliary 
ultrastructural abnormalities using only healthy (non-symptomatic) subjects. 
2.4.2 Drug Toxicity 
Research conducted before the 1990's into the effects of anaesthesia on mucociliary 
function predominantly focused on the effect that general anaesthesia had upon mucus 
transport rates (MCC). The realisation that MCC was depressed in anaesthetised animals 
and humans led to speculation that general anaesthesia either depresses ciliary activity or 
adversely alters the physical properties of the respiratory mucus. Rubin et al. (1990) 
investigated the possible effect on respiratory mucus by collecting 33 mucus samples from 
the endo-tracheal tubes, of 25 people aged I to 79 years, undergoing elective surgery. 
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Measurement of the rigidity, viscoelasticity, spinnability, and the percentage of solid 
composition of the specimens, as well as the transport of the collected mucus across the 
mucus-depleted frog palate were carried out. It was concluded that the physical properties 
of the mucus were not significantly different from those collected from awake volunteers 
using the bronchoscopy brush collection technique. This !ead to several studies 
investigating whether it was ciliary activity that was being depressed by the anaesthetics or 
other commonly used ICU drugs. The findings of these studies are summarised in Table 
2.1 below. 
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Reference: 
PROPOFOL 
(Konrad et al., 1998) 
(Shirakami et al., 2000) 
(Hann et al., 1998) 
(Raphael and Butt, 
1997) 
(Selwyn et al., 1996a) 
(Konrad et al. , 1992) 
Mucociliary 
clearance 
significant ~ 
in BTV in the 
right (9.7 VS 4.9 
mm/min) and left 
main bronchus 
( 11.3 mm/min vs 
5.3 mm/min) 
-
-
No significant 
change 
CBF 
Significant t , 
dose 
dependent 
No significant 
change 
Non 
significant ~ 
No significant 
change 
Readings 
Post exposure to propofol 13.6 
(0.4) Hz 
Control 12.0 (0.6)Hz 
11.5 ( 10.7-12.2) Hz pre-
anaesthetic to 11.0 ( 10.2-11.8) 
Hz (ns) post -anaesthetic. 
-
Preoperative and postoperative 
BTV values(l0.5; 5 .7 to 13.7 
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Preparation 
n vivo human bronchial 
epithelia. 
Rat tracheal epithelial 
cells 
Human nasal turbinate 
explants in vitro 
Human nasal ciliated 
epithelial samples 
Human cilia in vitro 
In vivo human bronchial 
epithelia 
Notes 
The BTV was measured preoperative1y in the 
conscious patients one day before surgery and after 
the end of the operation during intubation 
anaesthesia. BTV was determined with a small 
volume of albumin microspheres labelled with 
technetium -99m. The administered dose of propofol 
was 3.0 g ( 1.8-5.5) 
Images of ciliated cells were videotaped using a 
phase-contrast microscope. Propofol stimulated 
CBF significantly (P < 0.01) and dose dependently 
(1 microM, 2.0 +1- 1. 9%, n = 6; 10 microM, 8.2 +1-
6.7%, n = 9; 100 microM, 14.0 +1- 4.7%, n = 10) 
No effect in supra clinical conditions (70 microM 
Propofol) upon CBF in human turbinate explants 
after 90 min exposure. CBF was measured by the 
transmitted light technique. 
Nasal ciliated epithelial samples were removed at 
the beginning and after 1 h of anaesthesia. Mean 
cilia beat frequency in the group anaesthetized with 
propofol and alfentanil was changed from 11.5 
(10.7-12.2) Hz to 11.0 (10.2-11.8) Hz (ns). 
No change in CBF before or immediately after 
induction with propofol 2-3mgkg-1 
Bronchial mucus transport velocity was measured 
with a small volume (0.05 to 0.08 ml) of technetium 
(Hann et al., 1998) 
ISOFLURANE 
(Cervin and Lindberg, Temporary t 
1998) 
(Raphael and Butt, 
1997) 
(Raphael et al., 1996a) 
(Phadhana_anek et al. , 
1989) 
No significant 
change 
Significant ~ 
Significant ~ 
No significant 
change 
mm/min; vs 9.7 (3.7 to 15.3). 
Non significant change. 
After 90 min, mean (SEM) 
CBF in the group exposed to 
midazolam and its control 
group were 13.0 (0.2) Hz and 
12.9 (0.3) Hz, respectively. 
Mean cilia beat frequency in the 
group anaesthetized with 
isoflurane changed significantly 
from 11.5 10.7-12.2) Hz to 9.1 
(8.1-10.1) Hz after anaesthesia 
Mean CBF for the samples 
exposed to isoflurane, 10.8 
(1.1) compared with its controls 
of 11.6 ( 1.2) 
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Human nasal turbinate 
explants 
Rabbit maxillary sinus 
in vivo 
Human nasal ciliated 
epithelial samples 
Human nasal epithelial 
brushings 
Cytological sampling 
from human trachea and 
nasal cavity before and 
99m-labeled albumin microspheres. The movement 
of the microspheres toward the trachea was 
visualized and recorded using a scintillation camera; 
quantitative evaluation utilized the condensed 
image. General anesthesia with midazolam, 
Fentanyl, pancuronium and 02:N20 did not 
influence BTV. 
No effect in supra clinical conditions upon CBF in 
human nasal turbinate explants after 90 min 
exposure to 20 microM midazolam. CBF was 
measured by the transmitted light technique. 
Administration of 1.0 MAC of isoflurane, caused a 
temporary increase in mucociliary activity when 
investigating the short term effects, with a mean 
peak response of 44.0 (9.6)%. A biphasic response 
was recorded; an initial peak was observed within 2 
min and a second peak at 3-8 min- indicating airway 
irritation. 
Nasal ciliated epithelial samples were removed at 
the beginning and after 1 hour of anaesthesia. 
Significant decrease recorded post administration of 
drug. 
3 .6% Isoflurane was used. The transmitted light 
technique was used to measure CBF after exposure 
to isoflurane There was a statistically significant 
difference between the samples exposed to 
Isoflurane and its associated control P = 0.01 
It was found that the ciliary beat frequency did not 
change significantly, whereas the number of vital 
ciliated cells in the tracheal samples was 
HALOTHANE 
(Forbes and Gamsu, 
1979a) 
(Cervin and Lindberg, 
1998) 
(Cervi n et al., 1995) 
(Pizov er al. , 1992) 
Significant ~ 
Temporary 1 
Temporary t 
followed by 
significant ~ 
Significant ~ 
50% mucociliary clearance of 
tantalum from peripheral 
airways required 382 +1- 27 
(SEM) minutes 
Mean peak responses of 47.8 
(SEM 13.0)% 
The maximum decrease during 
the 60-minute period was 
19.6% +1- 2.8% (p < 0.05, n = 
6). 
Four percent halothane 
reversibly decreased Isc from 
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after anaesthesia 
Dog respiratory 
epithelium 
rabbit maxillary sinus in 
vivo 
Rabbit maxillary sinus 
in vivo 
in vitro canine tracheal 
epithelia 
significantly reduced and the vitality of the epithelia 
in the nose showed a minor change. 
1.2 MAC halothane was administered. Halothane 
and thiopental were found to depress mucociliary 
clearance equally, when both are administered in 
equivalent anesthetic doses for equal periods of 
time. 
Administration of 1.0 MAC of halothane, caused a 
temporary increase in mucociliary activity when 
investigating the short term effects. Mucociliary 
activity was recorded photoelectrically-and a 
biphasic response was recorded; an injtial peak was 
observed within 2 m in and a second peak at 3-8 min, 
though the second response was not significant. 
Airway irritation is implicated in the change of 
mucociliary activity. 
Administration of halothane ( 1, 2 or 4%) into the 
maxillary sinus induced a temporary acceleration of 
mucociliary activity. Long-term exposure (60 
minutes) of the maxillary sinus to halothane (2%) 
first induced an increase lasting approximately four 
minutes, and followed after about 15 minutes by a 
decrease of mucociliary activity. Mucociliary 
activity returned to its baseline level approximately 
25 rrunutes after withdrawal of halothane. The dose 
dependent effect is thought to be due to the airway 
irritant property of halothane 
Halothane induced a rapid and reversible decrease in 
!se (short-circuit current; a measure of active ion 
(Raphael e1 al., 1996a) 
(O_Callaghan el al., 
1994) 
(Gyi el al., 1994) 
ENFLURANE 
(Raphael et al., 1996a) 
(Phadhana anek et al., 
Significant ~ 
Significant ~ 
Significant ~ 
Significant ~ 
No significant 
90 +1- 11 to 39 +1- 6 
microA/cm2 (n = 12; P = 
0.001) and increased 
transepi thel ial resistance. 
Mean CBF for the samples 
exposed to halothane was 9.3Hz 
(SEM 1.3) compared with its 
controls of 11.4Hz ( 1.0) p=O.Ol 
Cilia! beat frequency was 
significantly slower in the cilia 
exposed to halothane, 9(s.d. 
2.5)Hz, than to air, 12.9(s.d. 
1.5)Hz. 
There was a significant 
decrease in cilia beat frequency 
at 2 h in samples that were 
exposed to halothane (mean 8.4 
(SD 2.5) Hz, 9.18 (2.6) Hz and 
6.99 (4.9) Hz) compared with 
air ( 10.8 (2.7) Hz, 11.6 (2.1) Hz 
and 12.1 (2.3) Hz) (P < 0.01) 
Mean cilia beat frequency for 
the samples exposed to 
enflurane, 10.9Hz ( 1.3) 
compared with its controls of 
11.6Hz ( 1.2) P=0.03 
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Human nasal epithelial 
brushings. 
A nasal cilia! sample 
from neonates. 
human ciliated nasal 
epithelium in vitro 
Human nasal epithelial 
brushings 
Cytological sampling 
transport) that was dose-dependent. We conclude 
that halothane significantly decreases ion and water 
transport in canine epithelia and that impaired fluid 
secretion may contribute to decreased mucous 
clearance in the perioperative period. 
2.25% Halothane was used. The transmitted light 
technique was used to measure CBF after exposure 
to anaesthetic. CBF of the samples exposed to 
halothane demonstrated a significant reduction in 
frequency compared with controls exposed to air 
alone. 
Cilia! function was assessed by measuring beat 
frequency with a modified light transmission 
method. Decreased mucociliary clearance following 
halothane anaesthesia is due, at least in part, to a 
directly depressant effect of halothane on ciliated 
cells. 
Samples from 24 healthy adult volunteers were 
exposed to halothane in varying concentrations and 
cilia beat frequency was measured using the 
transmitted light technique. Significant ~ in samples 
exposed to halothane. No significant ~ amongst 
controls. 
Three times the MAC of enflurane was used. The 
transmitted light technique was used. Over a 4-h 
observation period, cilia beat frequency of the 
samples exposed to enflurane demonstrated a 
significant reduction in frequency compared with 
controls exposed to air alone. 
It was found that the ciliary beat frequency did not 
1989) change 
ACETYLCYSTEINE 
(lravani er al., 1978) MY t in healthy CBF tat cone 
rats and rabbits, 10( -12) and 
and bronchitic 10(-10) g/ml 
rats. and i at 
above 1 0( -8) 
g/ml. 
(Stafanger er al., 1987) Significant i 
of CBF at 
20mg/ml 
(Low et al., 1985) Significant i 
P less than 
0.05 
SALBUTAMOL 
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from human trachea and 
the nasal cavity before 
and after anaesthesia 
Mammalian airways: 
healthy rats and rabbits 
and bronchitic rats 
Human nasal cilia 
Human bronchial cilia 
ex plants 
change significantly, whereas the number of vital 
ciliated cells in the tracheal samples was 
significantly reduced and the vitality of the epithelia 
in the nose showed a minor change. The intubation 
itself might produce reflexes in the mucosal layer. 
Mucus transport velocity and CBF increase at low 
concentrations then decrease at higher 
concentrations. 
A microphoto-oscillographic method combined with 
microperfusion technique was used. NAC caused a 
direct dose- and time-related decrease in ciliary 
beating frequency, which reached statistically 
significant levels at 20 mg/ml. NAC at 200 mg/ml 
caused total cessation of movements within 15 s but 
this effect was completely reversible within 15 min 
of perfusion with medium alone. At no 
concentrations of NAC was beating frequency 
increased over base-line. NAC seems to have a 
selective and fully reversible inhibitory effect on the 
beating frequency of human cilia in vitro. 
Changes in CBF of samples exposed to 1%, 2%, 
3%, 4%, and 5% concentrations of N-acetylcysteine 
solution in nutrient medium were measured. There 
was a progressive reduction in CBF at increasing 
concentration, indicating an inhibitory effect on 
human ciliary activity in vitro. 
(Boek er al., 2002) 
(lsawa et al. , 1986) 
(Lafortuna and Fazio, 
1984) 
(Devalia er al., 1992) 
(Ahrensetal., 1990) 
Highly significant 
t 
No significant 
change 
Significant t 
SignifiCant t 
CBFt 
No change 
10( -4) M caused a transient but 
significant increase in the CBF 
from baseline level of 8.6 +1-
0.4 to 9.6 +1- 0.5 Hz (P < 0.05), 
after 2 h incubation 
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In vivo, healthy humans 0.1% salbutamol was given to 15 healthy young 
volunteers. The 0.1% salbutamol resulted in a highly 
significant increase of mucociliary transport (P = 
0.009). 
Humans in vivo Salbutamol, 4 mg, was given orally 3 times a day 
for 7 days to 10 and 9 patients with various chest 
diseases in stable stage, respectively; the fanner 
were also currently taking other medications and the 
latter, none. There was little qualitative or 
quantitative difference in mucociliary clearance 
function in either group before and after the 
administration of oral salbutamol. 
Human, in vivo 
human bronchial 
epithelial cells, from 
surgical explants 
Human nasal brush 
biopsy 
Both bronchitic patients and nonnals treated with 
salbutamol showed a significant increase in the rate 
of clearance when compared with their respective 
control group receiving placebo. 
We have cultured human bronchial epithelial cells, 
from surgical explants and investigated the effects 
of salbutamol (10(-8) M to 10(-3) M in a time- and 
dose-dependent manner, on the ciliary beat 
frequency (CB F) of these cells. CBF increased 
significantly. 
Findings suggest that by orally administered 
salbutamol a positive effect on ciliary beat 
frequency is yielded. The increase of frequency is 
more distinct in patients suffering from bronchial 
hypen·eactivity. 
2.4.3 Humidification 
For effective mucociliary transport, adequate warming and humidification of inspired 
gases is essential. Under normal circumstances, the nose and upper respiratory tract warm 
and humidify inspired air, so that within the lungs, conditions remain constant. Despite 
inspired air being at a wide variety of temperatures and humidities when inhaled, by the 
time it reaches the isothermic saturation boundary, typically Located 5 cm below the 
tracheal carinas, it will be at 37"C and at a relative humidity of 100%. Mechanical 
ventilation can prevent this process, exposing areas of the lower respiratory tract to cool, 
dry gases and has been linked with reduced MCC in humans and many lower mammals 
(Chalon et al., 1972; Forbes, 1973; Forbes, 1974; Kleemann, 1994; Marfatia et al., 1975; 
Torcmalm, 1980; Tsuda et al., 1977; Van Oostdam et al., 1986). 
Gerber et al. (1995) have suggested an explanation for the observed reduction in MCC, 
which is that it is more closely linked to mucus rheology, rather than ciliary beat 
frequency. The observed reduction in MCC could be attributed to a drying out of the 
periciliary layer which causes the cilia to become trapped in the overlying sticky gel layer 
and ultimately lead to ciliostasis. Interestingly, Asmundsson and Kilbum (1970) have 
observed that both dry and excess moisture conditions slow and then halt MCC, but more 
importantly that the effects were reversible and that MCC could be re-started as long as 
complete ciliostasis was avoided. The range of inspired humidity and how it relates to 
cilial activity has been best defined by Williams et al. (1996) and is illustrated in Figure 
2.4. This shows that there is a narrow range of humidity in which ciliary activity is optimal 
and any deviation from this will result in a reduction in mucosal function. 
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Figure 2.4 A model of how mucosal function varies with the deviation of inspired humidity from core 
temperature and 100% relative humidity. It illustrates a continuum of mucosal dysfunction with any 
deviation from optimal humidity. MTV: mucociliary transport velocity, BTPS; body temperature, 
atmospheric pressure and 100% relative water saturation. Adapted with permission (Appendix 3) from 
Williams et al ( 1996). 
Beyond the basic effects of increased mucus viscosity, dehydration of the respiratory tract 
also causes epithelial damage, particularly in the trachea and upper bronchi (Tsuda et al., 
1977). The degree of histological damage appears to be directly proportional to the 
duration of ventilation of dry gases (Marfatia et al. , 1975) and includes severe 
morphological changes to the tracheal and bronchial epithelium (Forbes, 1973; Horstmann 
et al., 1977). This can lead to sputum retention, atelectasis and a reduction in pulmonary 
function (Hirsch et al. , 1975). There has, however been little investigation as to whether 
long term ventilation with dry gases may induce ciliary ultrastructural abnormalities with 
most studies relying upon assessment of mucociliary integrity using SEM. In addition 
Tamer et al. (1970) have shown that excessive artificial humidification in critical care may 
create a more static environment in the upper airways. This would replace the natural 
dynamic equilibrium of heat and moisture exchange in the upper airway, which would lead 
to heat and moisture being added to the body leading to water intoxication. 
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It has also been suggested that over humidification may lead to an increased volume of 
secretions due to decreased evaporation, degeneration and adhesion of cilia in the 
secondary and peripheral bronchi (Jackson, 1996). The optimal requirements for 
humidifiers used specifically for critically ill patients are well established and several 
studies have been conducted to establish the optimal conditioning parameters of the gas 
mixture. It has been indicated that prevention of mucociliary damage requires the gases 
reaching the trachea to be maintained at between 23-34mg/l and 32°C (Chalon et al., 
1979). 
2. 5 Background Literature for Factors Investigated in this Thesis 
The following literature review relates directly to the factors investigated as part of this 
thesis. 
2.5.1 Oxygen Toxicity 
Many patients requiring mechanical ventilation have multiple systemic injuries or serious 
cardiopulmonary disease. A significant number of these require increased fraction of 
inspired oxygen (F;02), as many develop progressive deterioration of pulmonary function. 
The deleterious effects of long term elevated F;02 have been well documented within the 
lungs (Bonikos et al., 1976; Konradova et al., 1988; Obara et al., 1979) but as yet little 
study has involved investigating the effect of hyperoxia on the respiratory mucosa of the 
upper airways. Laurenzi et al. (1968) were the first to study the effects of high oxygen 
concentrations on MCC. They found that 100% oxygen for 20 minutes caused a 37% 
decrease in clearance in the trachea, in young cats. A similar result was realised in mongrel 
dogs that were ventilated for 48 to 72 hours through a divided tracheal tube, with one lung 
receiving 100% oxygen and the other receiving room air. The study found that clearance 
time, in the lung and bronchi receiving 100% oxygen, was almost double that of the lung 
ventilated with room air (Wolfe et al., 1972). 
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In contrast, a study by Wiswell and Wiswell (1990), which incorporated a comparison of 
high-frequency and mechanical ventilation with a study of oxygen effects, found no 
discernible difference in MCC between baboons that were ventilated with 100% oxygen 
and those that received Pro Re Nada (PRN) oxygen. In their study PRN oxygen (oxygen as 
required) is described as the fraction of oxygen needed to maintain Pa02 between 50 and 
80 mmHg, but unfortunately the authors do not provide an average oxygen concentration. 
Extensive cilia denudation, goblet cell loss and squamous metaplasia at the light 
microscope level were attributed to the effects of mechanical ventilation. 
The use of scanning electron microscopy to study oxygen induced alterations to respiratory 
mucosa was introduced by Obara et al. (1979) who investigated the effects of 95-100% 
oxygen in an atmospheric chamber on the bronchiole and bronchiolar surfaces of adult 
mice. After four days of exposure they observed significant denudation and truncation of 
cilia, bleb formation and flattening of the luminal surface. In order to assess mucosal 
recovery from oxygen damage, some of the mice were returned to room air and 
subsequently killed after four, seven and 15 days. Despite 100% oxygen having been 
terminated, continued degeneration of the respiratory mucosa was observed, with 
deformation of non-ciliated cells still being present even after 15 days of recovery. 
It has been suggested that high oxygen concentrations can induce pathological alterations 
in respiratory mucosa in the short term. Konradova et al. (1988) demonstrated that after 
albino rabbits were exposed to 90% oxygen for only two hours, their trachea displayed a 
significant decrease in ciliary coverage and an increased discharge of mucus from goblet 
cells. The methods used in this study to measure ciliary coverage are questionable, as the 
authors used a technique by which the number of cilia were counted on 0.25jlm sections 
prepared for transmission electron microscopy (TEM). 
61 
The nature of tissue preparation for TEM does not lend itself to this type of analysis, as the 
presence of cilia depends on a multitude of factors, mostly related to tissue orientation, 
topography and position, not tissue pathology. There have been three studies to investigate 
the effects of elevated 0 2 on cultured respiratory _epithelium, all of which conclude a 
negative effect of high oxygen concentrations on ciliary activity. Weisman and Sade 
(1979) reported an increase in the proportion of goblet cells to ciliated cells in explants of 
rabbit trachea exposed to 80% and 90% oxygen for 8 and 12 days. Boat (1979) carried out 
the same type of experiment but instead used deceased, human newborn, infant tracheas, 
within which it was noted that exposure to 80% oxygen resulted in ciliostasis within 72 to 
96 hours and ciliostasis with 60% oxygen after 120 to 144 hours. 
An in vitro study by Barnes et al. ( 1983) used SEM to assess the effects of elevated partial 
pressure of oxygen on ciliary activity and respiratory epithelium morphology within 
cultured hamster tracheal rings. It was concluded that no structural damage or decrease in 
ciliary activity occurred at 40 % oxygen after 4 days of exposure. An increase in mucus 
globules and a decrease in ciliary activity was seen at 60% 0 2 and at 95% 0 2, severe 
damage of the respiratory epithelium and a pronounced reduction of ciliary activity. Stanek 
et al. ( 1998) have tested the effect of different concentrations of oxygen on CBF of human 
respiratory epithelium in an in vitro study of nasal turbinate explants. They reported that 
oxygen appeared to have a dose- and time-dependent accelerating effect on CBF. 
However, prolonged exposure to high oxygen concentrations reversed this trend, which the 
authors suggest is the result of direct oxygen toxicity, which in turn results in impaired 
MCC. Measuring the abundance of respiratory cilia is a good method of assessing 
mucociliary health as a decrease in ciliary coverage is usually the first effect of a chemical 
or physical insult on the airways (Wanner er al., 1996). 
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The methods traditionally used to assess ciliary coverage rely on an observer estimate of 
the percentage of ciliary cover, allocating it to arbitrary classifications. For example 
Konrad et al. (1995) divides ciliary cover into three categories: (1) Ciliated area greater 
than 75% of the luminal surface area; (2) Ciliated area between 75% and 50%; (3) Ciliated 
area less than 50%. 
2.5.2 Ageing 
The increased susceptibility of the elderly to lower respiratory tract infections has not been 
fully explained. The first studies of whether MCC is impaired in the elderly produced 
conflicting results (Ewert, 1965; Friedman et al., 1977). A comprehensive study by 
Goodman et al. (1978) demonstrated for the first time a clear decrease in MCC in the 
trachea of older individuals (> 54 yrs), who had a mean clearance of 5.8 mm/min, 
compared to a younger (21 - 37 yrs) control group, with a mean clearance of 10.1 
mm/min. The same negative correlation between age and MCC, was found a year later in 
the bronchial airways by Puchelle er al. (1979) confirming that ageing is linked to a 
slowing of mucus clearance, predisposing patients to increased risk of respiratory tract 
infections and chronic bronchitis (Niewoehner and Kleinerman, 1974). 
Yager et al. (1978) measured the CBF of human respiratory epithelium in vitro taken from 
healthy, non-symptomatic individuals. They found decreasing CBF with increasing age, 
but some of the age groups were only represented by one or two individuals, making it 
difficult to draw any reliable conclusions. A recent study by Ho et al. (2001) did conclude 
a significant reduction in CBF, in their over 40 year old age group (12.2 ± 1.7 Hz), 
compared with their younger counterparts (13.9 ± 1.4 Hz) and a comparable reduction of 
MCC in the nose, using the saccharine test (Greenstone and Cole, 1985). 
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A study by Ho et al. (2001) assessed 75 non-symptomatic individuals by collecting nasal 
epithelium from the inferior turbinate. They found that ciliary ultrastructural abnormalities 
(microtubular disarrangement, extra tubules and single tubules) increased with age. 
Patients over the age of 40 years had an increasing frequency of ciliary cross-sections with 
single microtubules, but not microtubular disarrangement or ext.ra tubules. 
2.5.3 Intubation and Mechanical Ventilation 
Sanada et al. (1982) used SEM to assess the impact of tracheal tube cuffs on mucociliary 
integrity and function in mongrel dogs. Mucociliary clearance studies and tracheal biopsies 
were performed immediately following, three, seven, and 14 days after cuff deflation. 
Severe ciliary injury was observed on scanning electron micrographs examined 
immediately and three days after cuff deflation, even though the cuffs were inflated at the 
low pressure of 20 centimeters of water, for a period of just four hours. An appreciable 
delay in mucociliary clearance was shown to correlate directly with the severity of 
histological injury. The morphologic and functional alterations in the cilia due to 
compression were completely reversible after two weeks. 
Inflation of the endotracheal tube cuff in anaesthetised dogs has been reported to impair 
MCC distal to the cuff within one hour, regardless of whether a high or low compliance 
cuff was used (Wanner et al., 1996). Cuff inflation seems to be the critical factor as MCC 
was not affected by tracheal tube placement as long as the cuff is not inflated. Forbes and 
Gamsu ( 1979b) showed in dogs that peripheral lung mucociliary clearance was delayed by 
mechanical ventilation through a tracheal tube, even with an inspiratory air leak, 
independent of tidal volume. This has been corroborated in patients intubated for general 
anaesthesia, and associated with and implicated in, postoperative pulmonary atelectasis 
(Gamsu et al., 1979). 
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The effects of increased ambient pressure on mucociliary clearance have been poorly 
investigated. Calvet et al. (1999) were the first to study the effects of high pressure, 
examining pressure effects on ciliary beat frequency (CBF) of guinea-pig tracheal rings in 
vitro. The study's results demonstrated that a pressure increase (25 and 100 kPa) applied to 
tracheal rings induced an enhancement of ciliary beat frequency, a process the authors 
suggested was related to an increased generation of nitric oxide which may stimulate 
·ciliary activity. Interestingly, recent reports have linked serious tracheal injuries to high-
frequency ventilation (HFV) (Chang and Harf, 1984; Mammel et al., ·1986; Todd et al., 
1992; Todd et al., 1991; Wiswell and Wiswell, 1990), an approach that is supposed to 
reduce swings in airway pressure within the respiratory system. HFV embodies several 
types of device, all of which employ tidal volumes much smaller and frequencies much 
greater than conventional mechanical ventilation (CMV), in theory allowing the high 
pressure complications of CMV to be overcome. 
The published literature, all utilising semi-quantitative, histopathological scoring systems 
to grade tracheal tissue changes, suggest HFV produces an increase in mucosal damage 
when compared to CMV. This is mirrored by an often-observed increase in secretion 
retention and may be related to reduced MCC. Several comprehensive studies into the 
effects of ICU care on patients mucociliary integrity have been conducted by a research 
group at the university of Ulm, Germany, led by Franz Konrad. This group began by 
testing the suitability of using technetium 99M-labeled albumin microspheres, deposited at 
the distal end of the bronchus, to measure MCC in ventilated patients. This technique had 
previously been developed for use in the trachea (Chopra et al., 1977), but due to the short 
distance between the distal end of the trachea and the tip of the intubation tube (Mehta, 
1991), they adapted it for the primary bronchi. 
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Konrad's group concluded that the system was safe, quick and reliable and that general 
anaesthesia with midazolam, fentanyl, pancuronium and 0 2:N20 does not influence MCC 
in the bronchus (Konrad et al., 1992). This group also found that the preoperative and 
postoperative bronchial MCC values had no significant difference: l0.5mrn!min (5.7 to 
13.7) versus 9.7mrnlmin (3.7 ~o 153), median (range). These results far exceed the 2.4 
rnrnlmin previously reported by Foster et al. (1982) for the main bronchus. Konrad et al. 
(1994a) then used this technique to investigate the MCC of 32, short stay(< 3 days) lCU 
patients. This group had a median bronchus clearance rate of only l mm/min with 
considerable inter-subject variation. 
The cause of this markedly depressed clearance rate is of considerable interest, especially 
as mechanical ventilation and general anaesthesia by themselves, are known not to 
suppress bronchial MCC. As is the case with any study using a highly heterogeneous 
patient group there are several factors that could have influenced clearance including 
medications (H2-blockers, antibiotics, long-term midazolam/fentanyl administration), 
elevated Fp2, activation of inflammatory mediator systems, bacterial colonisation and 
respiratory viral infections (Konrad et al., 1994). Despite this, the authors did show that the 
depressed bronchial MCC of ICU patients might be an important factor in preventing the 
continual problems of retention of secretions and pneumonia commonly found in ICU. 
Konrad et al. (1995) then studied whether this reduction in bronchial clearance is 
associated with a decline in ciliary coverage or an increased frequency of acquired ciliary 
abnormalities. Again they studied patients for up to three days after admission to the ICU. 
After measuring bronchial clearance, using the same technique as previously described, 
they collected biopsies from the bronchi for scanning (SEM) and transmission electron 
microscopy (TEM) analysis. They split the patients in to two groups for analysis, 
depending on their clearance rates. 
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The patients with faster MCC had significantly more cilia than the slower MCC group. 
There was no statistically significant difference in the frequency of ciliary ultrastructural 
abnormalities. From this they concluded that the decrease in MCC was related to an 
increase in cilil!-ry denudation, not in the frequency of acquired ciliary abnormalities. 
Interesting as their findings are, there are several facts about the methodologies used that 
must be considered. Firstly the authors do not state whether the researchers were blind as 
to which group the samples belonged. They used observer based estimates of ciliary 
coverage, broadly classifying ciliary cover into three categories. For the abnormality 
analysis, only 19 samples were processed, and only 200 cilia were considered per sample, 
making it difficult to accurately quantify the prevalence of acquired ciliary abnormalities. 
Finally, the authors only studied samples from patients admitted to ICU for up to three 
days and as they suggest themselves, longer stay ICU patients might show an increased 
prevalence of ciliary abnormalities. Following this literature review it was decided to study 
the frequency of ultrastructural abnormalities and ciliary coverage in longer-term ICU 
patients (up to 28 days), using a range of novel assessment techniques developed as part of 
other studies. 
2.6 Summary and Aims 
The first reported observations on cilia date from the seventeenth century and since that 
time many researchers have observed and experimented on cilia, resulting in a significant 
increase in our understanding of their structure and function. However, despite more than 
three hundred years of research, the precise mechanism by which cilia work and the factors 
that cause them to function are still not completely understood. The overall objective of the 
research work reported in this thesis is to extend the current knowledge about respiratory 
cilia with especial emphasis on their protective role within the critically ill and specific risk 
factors associated with their injury. 
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Based on a comprehensive review of the literature the specific aims of the research were 
established as below: 
• 
• 
• 
To establish a reproducible whole organ culture technique that allows the cilia-air 
interface to be maintained and provide long term ciliogenesis 
To develop a method of quantitatively measuring ciliary coverage without the use of 
observer estimation. 
To use the above methods to investigate in vitro, the effects of different elevated 
oxygen atmospheres on the ciliary coverage of rat trachea. 
• To investigate the ciliary coverage and presence of ciliary ultrastructural abnormalities 
in the bronchial epithelium of ICU patients to determ.ine whether long-term mechanical 
ventilation causes ciliary denudation or the creation of secondary ciliary abnormalities. 
• To assess the presence of secondary ciliary ultrastructural abnormalities in the tracheal 
cilia of non-symptomatic patients. 
• To establish if there is a relationship between patient age and an increased prevalence 
of secondary ciliary abnormalities. 
Hypotheses: 
I. Culturing rat trachea in increasingly elevated Fp2 concentrations results m a 
proportional decrease in the ciliary coverage of the epithelial surface. 
2. The frequency of secondary ciliary abnormailties in the trachea of non-
symptomatic patients is linked with increasing patient age. 
3. The duration of mechanical ventilatory support in critical care patients linked with 
increasing secondary ciliary abnormalities and reduced ciliary coverage. 
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In order to achieve these aims and test these hypotheses, pilot experiments were carried out 
to culture rat trachea that would maintain cell ciliation for periods reflective of the average 
length of stay on ICU. The methods tested and developed for tissue culture are described in 
section 3.1. Once samples were collected from these preliminary cultures, methods for 
measuring ciliary coverage were assessed. This process is described in section 3.2.1 and 
led to the conclusion that a new method of measuring ciliary coverage would have to be 
developed. These activities ran in paraLLeL to applications to the ethics committee at 
Derriford Hospital (Plymouth, U.K.) to apply for permission to collect bronchial biopsies . 
from ICU patients. 
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Chapter3 
Methods 
The following chapter details the methods employed in the different studies that comprise 
this thesis. Although not the main scientific objectives of this research the image analysis 
technique detailed in section 3.2.2 took considerable time and effort to develop and 
represent a considerable advance upon the techniques used in the majority of published 
work. The following method sections are applied to the different studies as follows: 
Method Section Referring Chapter 
3.0 Chapter4. Oxygen Toxicity 
3.1 Chapter4. Oxygen Toxicity 
3.2 Chapters 4. & 6. Oxygen 
Toxicity and ICU study 
3.2.1 Chapters 4. & 6. Oxygen 
Toxicity and ICU study 
3.3 Chapters 5. & 6. ICU Study 
and Ageing Study 
70 
3.0 Dissection 
Male, Sprague-Dawley rats weighing between 240- 250 grams were used in the oxygen 
toxicity study. The rats were examined before dissection; checking animals were in good 
health with no outward visible signs of disease or infection. Animals were killed by a 
shallow intra-pentoneal injection with J ml of sodium pentobarbitone (Sagatal, Rhone 
Merieux, UK) into the abdominal cavity. This is a schedule 1 procedure, not requiring 
local ethics committee approval or a home office, project, or individual licence. Animals 
were carefully observed and reflex tested and once breathing and heart beat ceased 
dissection began. The chest was sprayed with 70% ethanol before sterilised dissection 
scissors were used to cut the skin from the middle of the belly to the throat. After skin 
removal, the exposed musculature was sprayed with 70% ethanol before separating the 
muscles along the ventral midline of the throat using a clean set of sterilised scissors and 
forceps, revealing the trachea. 
In order to follow the trachea posteriorly, until it branches into the right and left bronchus, 
the ribs were cut on one side of the sternum. The trachea was cut just below the first 
division of the bronchi and just posterior to the larynx, ensuring the maximum amount of 
trachea was excised. The trachea was placed into sterile physiological saline and 
transported to a class Il, laminar flow cabinet (Laminair 1.2, Holten, Germany) for whole 
organ culture preparation. 
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Figure 3.1 A schematic representation of the upper airway. 
Dashed red lines represent points of scalpel cut. Adapted 
image from: http:l/www.medizinnetz.de/icenter/astmahtm 
A scalpel and forceps were used to carefully clean the trachea of any attached muscle, 
whilst gently agitating to remove any excess blood or mucus. Once fully clean the trachea 
was cut into six separate rings, as demonstrated in Figure 3.1, with each ring possessing 
two cartilage bands. The ciliary coverage of the trachea in the rat is reported to vary 
dorsally and ventrally (Wanner et al., 1996), so the tracheal rings were cut on the 
dorsal/ventral axis to avoid any natural variation in ciliary cover. 
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3.1 Tissue Culture 
Normal epithelial function depends upon the retention of cell junctions, the polarity of the 
medium and the orientation of the epithelium on the connective tissue substratum 
(Chambard el al., 1984). Loss of this three-dimensional organisation can affect secretion 
and other physiologic responses (Simons and Wandinger-Ness, 1990). In this respect, the 
intact mucosal surface of organ cultures is more physiologic than isolated cell systems and 
possibly cell-culture monolayers (Jackson et al., 1996). One of the major difficullies in 
studying the respiratory mucosa in vitro has been a lack of a suitable tissue culture model. 
Traditional tissue culture involves the submersion of a sample in liquid media, removing 
the air-liquid interface found under normal physiological conditions. Although this will 
maintain the epithelial cells for long periods of time, ciliated cell differentiation has been 
reported to be suppressed 25-fold (Clark et al., 1995). If the tracheal half rings were to be 
cultured using the traditional immersion technique, the samples would have few or no 
ciliated cells after a week of tissue culture. As a major aim of my study was to investigate 
the effects of elevated F;02 on tracheal cultures for a time period that is analogous to that 
of a long stay ICU patient (2 weeks), this approach would not work. The literature was 
searched for a different tissue culture technique that would preserve and encourage cell 
ciliation. This revealed a method developed by Jackson et al. (1996) for nasal turbinate 
tissue, that more closely simulated natural physiological conditions. In this model 3 to 4 
mm squares of excised tissue are placed on filter paper and occluded with agar, to protect 
the cut tissue edges (Figure 3.2). 
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Figure 3.2. Schematic cross-section of the culture model developed by Jackson et al (1996), 
using human respiratory tissue with an air interface. 
The filter paper uses capillary action to draw medium from the outer Petri dish to the 
underside of the tissue. This allows the ciliated epithelial surface to maintain an air 
interface, and draw nutrients through the connective tissue substratum, as it would in vivo. 
Light microscopy, SEM and TEM all indicated that the nasal turbinate tissue remained 
structurally and functionally intact for 20 days as long as daily replacement of medium 
occurred (Jackson et al., 1996). 
I conducted a preliminary trial to extend this model to culture rat tracheal half rings. The 
curved nature of the tracheal samples made it very difficult to pipette the agar accurately 
around the tissue edges, often leading to the lower ciliated areas becoming covered. Due 
to these difficulties a different approach was found by using a product developed for tissue 
culture. A cell culture insert replaced the filter paper wick, possessing a 3.0 JJ.m, high-
density membrane (Becton Dickinson, Franldin Lakes, NJ, USA) which, by capillary 
action, supplies nutrients to the tissue from a media well below (Figure 3.3.). 
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Figure 3.3 Schematic representation of cell culture insert showing the meniscus around the tissue 
and nutrient absorption aided by capillary action from the companion Plate w.ell below, which 
contains additional cuHure media (black arrows). 
When 100 }tl of media was carefully micro-pipetted around the tissue a meniscus formed, 
avoiding submersion of the lower ciliated areas, whilst still covering the tracheal 
underside, negating the need for agar to be used. Additional nutrients were supplied from 1 
mJ of media placed in the culture well below. M199 (Sigma, Poole, U.K.) Hanks salts 
buffered media, supplemented with penicillin (50 IU/ml), streptomycin (50 jtg/ml), 10% 
new born calf serum and L-glutamine (lOO}tg/ml) was used for all cultures. This media 
was selected, as it had proven effective for previous rat tracheal, whole organ culture 
conducted by my PhD predecessor Joanne Kirk by. 
The cultures were provided with humidified air at all times and media changes and sample 
collection occurred daily. In the preliminary tests of this new system, ciliary coverage of 
the samples was maintained at above 50% over a two-week trial, making it a good model 
to test any possible oxygen toxicity effects. This method is an improvement to that 
developed by Jackson et al. (1996) as it negates the need to pipette molten agar around 
each piece of tissue. This improves the repeatability, removing a variable that could affect 
ciliary coverage. 
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3.2 Scanning Electron Microscopy (SEM) 
Both tracheal culture samples and biopsies from ICU patients were analysed under SEM. 
The preparation method for both is very similar, following standard protocols. The samples 
from both the oxygen toxicity and ICU study were thoroughly blinded before being 
prepared or assessed in the laboratory. In the oxygen toxicity study, colleagues, using 
random re-organisation of sample numbers in a Microsoft-Excel spreadsheet blinded the 
samples. The lCU samples were blinded by aLLocation of sample numbers at tile b.ospital by 
clinical staff before being transferred to the University site. I was not aware of any patient 
details until all analyses were complete. Samples were briefly wasb.ed in a series of saline 
solutions to remove any blood or mucus, before being fixed for 3 hours in 0.1M sodium 
cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde (EM grade) at 0-4°C. The 
cacodylate buffer consisted of 4.28 gram of Na(CH3)As02·3H20 in 92 cm3 of Distilled 
water and approximately 8 cm3 of hydrochloric acid to make the solution up to pH 7.2. 
The samples were rinsed in 0.1 M cacodylate buffer (pH 7.2) for 15 minutes and 
subsequently dehydrated in an ethanol series including 50%, 70%, 90o/o and lOO% ethanol 
at 0-4°C and 2 successive changes of absolute ethanol at room temperature, for 10 minutes 
in each grade. The fixed and dehydrated samples had the ethanol substituted with liquid 
carbon dioxide and were dried in a critical point dryer (Samdri-780, Tousimis, USA). Dry 
samples were mounted on aluminium stubs with special care taken to orientate the ciliated 
surface uppermost. This is especially difficult for the bronchial biopsies, which often have 
very small ciliated areas and require the use of a binocular microscope (Meiji, Japan) for 
correct alignment. All samples were sputter coated in gold (K550, Emitech, U.K.) to a 
nominal thickness of 5-10 nm before being examined in a Jeol JSM 6100 (UK) scanning 
electron microscope operated at I OkV for tracheal samples and 20kV for bronchial 
biopsies. 
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The complete mucosal surface of each tracheal half ring was recorded as contiguous 
images to avoid problems associated with ciliary banding. The ciliary coverage was often 
found to be greatest where the cartilage rings were present below the mucosal surface. By 
imaging the complete mucosal surface at a magnification of 500x and by averaging the 
abundance over the whole tracheal ring, any potential discrepancies caused by the ciliary 
banding were avoided. 
The images were collected digitally (Semafore, JEOL, UK) and transferred lo a personal 
computer for later analysis. Imaging the ICU bronchial samples was a more complicated 
task due to biopsy related mechanical damage. An appropriate area covered with bronchial 
epithelium was first located at low magnification (300x) and assessed for the presence of 
biopsy related damage, such as cracking or ciliary flattening, to exclude them from 
evaluation. The area was then imaged at the lowest possible magnification, so that the 
mucosal surface just filled the display screen. All images from both studies were digitally 
captured (Semafore, JEOL, UK) and transferred on to a PC for later analysis. 
3.2.1 Image Analysis of Ciliary coverage 
As mentioned in the literature review, the traditional methods used to measure ciliary 
coverage have relied on a crude observer estimate of the presence of cilia. Although this 
does allow for statistical analysis to be conducted, it is still a very crude approach of 
quantifying any changes. At the University of Plymouth, my predecessor conducted 
research using an image analysis Quantimet (Quantimet, U.K) system to accurately 
measure ciliary coverage (Kirkby et al., 1999). This method proved to be accurate, but was 
very laborious to conduct, relying on images at a magnification of at least 2,000x. A very 
large number of images needed to be collected and analysed to cover small areas of 
epithelium. As large numbers of cultures were planned for the oxygen toxicity study, it was 
clear a new approach would have to be found. 
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The fmal successfu-l technique used and developed by the candidiate utilised Adobe 
Photoshop 5.5 (Adobe, USA), which is a widely used graphics software package. Built into 
this. programme is. a series of filters that alter the image, highlighting or ignoring different 
areas until a binary image is produced. The process used to convert a SEM micrograph into 
a binary image, capable of analysis, is. outlined in Figure 3.4. The steps. illustrated, can be 
fully automated, allowing large numbers of images to be batch processed by the computer. 
I Crop lA 
+ 
( Convert Mode J 
+ ( Levels 
+ I Image Size IB 
+ I Glowing Edges I 
+ 
IBright/Contrastl 
I 
I 
( 
+ le Threshold 
+ 
Invert 
+ • Save 
Figure-3-.4. The imageanalysis functions used by PhotoShop5.5 (CA, USA) 
to convert a scanning electron micrograph of respiratory epithelium into a 
binary image, with accompanying illustrative images. 
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The glowing edges function is the crucial filter that allows PhotoShop 5.5- to be able to 
distinguish between ciliated and non-ciliated areas. The program searches the image for 
edges. and enhances. them, making them appear brighter (image B). As. cilia have a long 
thin shape, and there are on average 200 cilia per cell, the high abundance of edges makes 
the ciliated areas very bright, whilst the comparatively flat mucosa is ignored. As such, the 
cilia beco.{Tle white areas and the background appears black, which when inverted becomes 
an easily analysable image~ as demonstrated in image C. Tne binary image is analysed by a 
simple count of pixels, using the programme's histogram function. The ciliary coverage is 
a simple measure of the number of black pixels divided by total pixel number. The method 
used for analysing scanning electron micrographs of ciliated epithelium is as follows: 
Image Capture: Digitally capture the micrograph (previously described) and save the file 
in bitmap (.BMP) format. Open the image in PhotoShop version 5.5 (CA, USA). 
Figure 3.5. A scanning electron micrograph of partially 
ciliated rat trachea saved as a bitmap file, illustrating the 
area at the edge of the file that requires cropping 
(E)(magnification .SOOx) 
Crop: Crop the image to remove 
any peripheral edges (black line on 
left) that do not require analysis (E-
Figure 3.5). This can be done by 
using the cropping tool set with the 
automated actions, thus ensuring all 
1mages are cropped in a uniform 
manner. 
Convert Mode: Convert the 1mage to greyscale to remove any unnecessary colour 
information. 
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Levels: Adjust-autolevels, which defines the lightest and darkest pixels in each channel as 
white and black and then redistributes the intermediate pixel values proportionately. By 
default, the Auto. feature clips. the white and black pixels by 0.5%-that is, it ignores the 
first 0.5% of either extreme when identifying the lightest and darkest pixels in the image. 
This clipping of colour values ensures that white and black values are based on 
representative rather than extreme pixeJ values. 
IIHielln 
Image Size: With image re-size, change 
.- l"'al Dtmenstonr. t.7N I • I 
Wlclttl: 13543 llplnls 1•1 ]I I CUCell 
Helfllt: 12890 IIPinll I ~ J IA~~tD-1 
the width of the micrograph to 30cm, 
whilst constraining proportions. Under 
,--- Print Sill: 
Wlclttl: 130 11 cm ,., ]1 Helltlt: j24.47 11 Clll I •J 
Resampfe Image: select the interpolation 
le solution: 1300 11 piUIIIIncll 1•1 
method to smooth (bicubic) as it is the 
Q COttm•ln ProporUons most precise method and results in 
Qllsampa.~~a•o•: IBkolc I•) 
smoother tonal gradations. It is necessary 
Figure 3.6. A PhotoShop image size command box 
displaying the settings used to re-size the images for 
analysis. 
to reduce the image size as the images 
collected from the SEM are too large for 
analysis. 
==-----_#Glowing Edges L _ -=---"' Glowing Edges: Filter>Stylise>Glowing Edges: This 
EJ:miEJ 
~ons ---------------, 
Edge Width 
Edge Brightness 
Smootbness 
Figure3.7. PhotoShop Glowing 
Edges command box displaying the 
desired settings for ciliary coverage 
analysis. 
filters adds a diffuse white border to any edges within 
the image. The settings shown in Figure 3 .7 were found 
to be the most reliable. The sub-set images show how 
the glowing edges appear around the cilia but ignore 
the mucosal background and the detached cell. The 
detached cell has not been highlighted as it is sitting 
upon the surface of the sample and is affected by 
charging artefact. 
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This relll(}ves image definition for the cell, masking its edges and causing it to be ignored 
by the glowing edge filter. The same effttt is true for cellular blebs, mucus and other 
unwanted debris. Figure 3-.8- illustrates the overall effect of the filter and shows how only 
the ciliated cells are selected. 
Figure 3.8 The scanning electron micrograph after the glowing edge ftlter has 
been applied It is clear how the cilia have been highlighted more extensively 
than the other image features. 
Figure 3.9 The same scanning electron micrograph with the 
Brightness/Contrast command box. This illustrates the 
process of adding additional contrast, further highlighting 
the ciliated cells. 
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Brightness/Contrast: Image > 
Adjust > Brightness/Contrast Set 
the contrast of the image to +52 to 
highlight the glowing edges (Figure 
3.9). This will further select the 
ciliated areas and help ignore any 
other unwanted features. 
Threshold: The Threshold command is used to 
convert the grayscale image to a high-contrast, 
black-and-white unage (Figure 3.10). This 
command lets you specify a certain level as a 
threshold, which based on experience should be 
113. All pixels lighter than the threshold are 
converted to white and all pixels darker to black. 
I • I 
I CHcet I 
lill'nvlew 
Figure 3.10 The Threshold command 
box. The threshold level was routinely set 
to 113. 
Median: Filters > Noise > Median. Reduces noise in an image by blending the brightness 
of pixels within a selection. The filter searches the radius of a pixel selection for pixels of 
similar brightness, discarding pixels that differ too much from adjacent pixels, and replaces 
the centre pixel with the median brightness value of the searched pixels. This filter is 
useful as it eliminates all of the small features associated with smaller structures such as 
villi (Figure 3.11). The cilia remain, as the glowing edges feature has overlapped on the 
ciliated cell due to the large number of crossing boundaries. This creates large white areas 
that are too big to be removed by the median filter. 
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Figure 3.11 The Median command box is being used to remove features under a 
specified number of pixels. This removes unwanted noise from the background 
Invert: Image > Adjust > Invert Although not specifically required for the analysis, all 
images were inverted so that the cilia appeared black against the white mucosal 
background. 
r- OUtnnei:J Luminosity I ~ 1-----. R OK I 
Meen: 110.17 
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Save and Histogram: Once the image was 
converted it was saved in a suitable image 
format, .TIFF was used for this research. 
All of the above functions were carried out 
as automated actions converting a folder of 
micrographs into black (cilia) and white 
Figure 3.12 Histogram command box displaying (background mucosa) images. 
the number of black pixels in the image (420,272). 
Thi is out of 1,688,094 pixels giving a ciliary 
coverage of approximately 24%. 
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The number of black pixels was then counted using the Histogram function (Figure 3.12) 
and worked out as a percentage of the total. This represents a direct measure of total ciliary 
coverage. 
As discussed in the literature review, the methods previously employed to measure ciliary 
coverage have often relied upon observer estimates, producing rough categorical results. 
As such, and to the best of our knowledge, there are no other systems with which a direct 
comparison can be made. One of the most prolific researchers into respiratory cilia in the 
critically ill is Konrad et al. (Konrad et al., 1995; Konrad et al., 1994). In order to compare 
the accuracy of the image analysis system with a previously published technique, Konrad's 
method and our system were used to assess the 21% oxygen SEM micrographs collected 
for the oxygen toxicity study (Chapter 4.). The results of this comparison are summarised 
as box-and-whisker plots in Figure 3.13. The box represents the inter-quartile range (IQR) 
of the data that encloses the median, represented by a horizontal line. The whiskers show 
the tails of the distribution, drawn from the box to the most extreme value within 1.5 lQR 
from the upper or lower quartile, respectively. 
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Figure 3.13 Box plots to show the effect of 21% 0 2 and cell culture on the 
ciliary coverage of rat trachea throughout a 12 day experiment. (A) Ciliary 
coverage measured using image analysis, (B) Ciliary coverage measured 
using Konrad's categorical scale. 
Konrad et al. ( 1995) divides ciliary cover into three categories: (3) Ciliated area greater 
than 75% of the luminal surface area; (2) Ciliated area between 75% and 50%; ( 1) Ciliated 
area less than 50%. The micrographs were assessed by a researcher blind to sample details. 
Both graphs illustrate a decline in ciliary coverage, but there is far less information 
provided in the output from Konrad's technique, as this categorical method intrinsically 
lacks precision. When a new method of measurement is developed it is usual to compare it 
with the standard method to decide whether it offers any advantages and is reliable. As 
performed here, this should be done by making the same measurement by both methods on 
each of a number of samples. The important question should be whether the measurements 
agree. 
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The most reliable test to establish this is the Altman-Bland plot, where the difference 
between each pair of measurements is plotted against the average of the pair. If the 
methods agree then the average of a pair is the best estimate of the corresponding true 
value and there ought to be no relation between the differences and averages. 
Unfortunately, as Konrad's method is based upon categorical measurement of ciliary 
coverage, a direct comparison of the two techniques was not possible. The accuracy of the 
new analysis system can, however, be directly verified by the user themselves. The 
resulting black and white image with the white pixels removed can be overlaid onto the 
original micrograph so that the user can verify that the ciliated areas have been accurately 
converted into black pixels. In this manner the user can be assured that the system is 
reliably converting the images. 
This new approach to measure ciliary coverage was used to study the effects of oxygen 
toxicity on rat tracheal cultures, and later used to assess bronchial biopsies from ICU 
patients. As indicated in the literature review, the ciliary coverage of the airway is a good 
indicator of mucociliary integrity and health, a crucial defence mechanism for the 
prevention of pneumonia in the critically ill. The ICU samples represented a far greater test 
of the abilities of this system then the tracheal cultures, due to the high degree of biopsy 
related mechanical damage and the subsequent variability in sample topography. Despite 
the added complexity, the system worked well for biopsy samples, as long as areas of 
severe damage were avoided, such as large cracks in the mucosal surface. To the best of 
my knowledge this system represents the first quantitative method for the measurement of 
ciliary coverage, using a standard computer and software. This removes the need for a 
complex and expensive dedicated image analysis system, allowing researchers to 
quantitatively assess ciliary coverage without specialist assistance. In addition, I believe it 
is also the first time that quantitative assessment of the ciliary coverage of human 
respiratory epithelium biopsies has occurred. 
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3.3 Transmission Electron Microscopy (TEM) 
Bronchial biopsies from ICU patients and tracheal brushings from healthy subjects were 
examined using TEM. Approximately half of the tracheal brushings were taken as part of a 
study, conducted by my predecessor Miss Joanne Kirkby, into the effects of smoking on 
respiratory ciliary ultrastructure. I was present at brushing collections and assisted in 
sample analysis. Once I decided to investigate the effects of ageing on ciliary integrity, 
more tracheal brushings were collected to increase sample size to the necessary level. All 
samples were briefly washed in a series of saline solutions to remove any excess blood or 
mucus and placed for 2 hours in O.lM cacodylate buffer (pH 7.2) containing 2.5% 
glutaraldehyde (EM grade) at 04°C. Samples were then washed in O.lM cacodylate buffer 
(pH 7.2) 3 times, each for 15-20 minutes before being post-fixed in I% osmium tetroxide 
in O.lM cacodylate buffer (pH 7.2) at 04°C for 1.5 hours. 
The samples were briefly rinsed in O.lM cacodylate buffer (pH 7.2) 3 times, each for 15-20 
each minutes and subsequently dehydrated in an ethanol gradient including 30%, 50%, 
70% and 90% ethanol at 0-4°C and 2 successive changes of absolute ethanol at room 
temperature, for 15 minutes in each. The fixed and dehydrated tissue was then infiltrated 
with Spurr resin, being placed in ethanoi/Spurr resin mixes in a rotator, 3: I for 2-3 hours, 
1: I overnight, 1:3 for 2-3 hours and 2 changes of pure resin, the first overnight and the 
second for 2-3 hours. The samples were then placed into fresh resin in moulds and 
polymerised for 8 hours at 700C. The embedded tissue was sectioned using a Reichert 
ultracut microtome and a glass knife to firstly produce semi-thin sections (= 0.5f.!m) to 
check for a satisfactory presence of cilia and then ultra-thin sections ("" 0.1 f.!m) for 
examination in the transmission electron microscope. 
In previous studies samples for TEM analysis have always been collected using a cytology 
brush, as biopsies were considered too difficult to prepare. During the course of the ICU 
study, I discovered that taking brushings was unnecessary as the scraps of tissue associated 
with the biopsy often contain plenty of ciliated cells. In fact, the biopsy fragments 
possessed more strips of ciliated epithelial cells and more cilia than those collected by 
traditional bmsh techniques. Five different areas from each block were sectioned and to 
make sure that no ciliated areas were assessed twice, the sections were at least 10 pm apart. 
The sections were collected on thin-bar, copper, mesh grids and placed on droplets of 70% 
ethanol containing 2% uranyl acetate in the dark, for 15 minutes. 
The section grids were then washed in distilled water and placed on droplets of l% lead 
citrate stain (in a C02 reduced environment) for ten minutes and rinsed in distilled water. 
The samples were examined in a l200EX2 Joel transmission electron microscope operated 
at 80kV.All analysis was carried out blind to patient details to avoid any potential 
problems with observer bias. Two different areas were examined from each of the five 
grids, with co-ordinates being recorded of where analyses were performed to avoid re-
assessment of the same area. The first two adequately ciliated areas found were assessed, 
as long as they contained at least 50 clear transverse cross sections of cilia, meaning that a 
minimum of 500 cilia were considered per individual. Ciliary counts were carried out at 
25K magnification, with higher magnifications being used if closer inspection of ciliary 
axonemes were needed. In order to aid the counting of cilia the phosphorous screen was 
divided into five separate areas, as demonstrated in Figure 3.5, using the inner negative 
square as a guide. This study evaluated acquired ciliary defects of the axoneme, and the 
enlargement or lack of ciliary membranes. A lack of dynein arms, which is indicative of 
Kartagener's syndrome or other changes characteristic of genetic disorders, are not 
considered relevant and not included in the abnormality analysis. 
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The types of abnormalities considered can be divided into eight different types, illustrated 
in Figure 3.6 It is possible to have two different types of abnormality combined, for 
example a compound cilium which also contains extra central microtubules. Although both 
types of irregularity are recorded, only one abnormality is included when calculating the 
final frequency of anomalies. 
Figure 3.14 Picture of Lhe phosphorous viewing screen in a Lrcmsmission electron microscope, 
with an image of respiratory ciliated epithelium at 25,000 times magnification. The screen has been 
split up into five different areas to aid counting and abnonnality analysis. 
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Figure 3.15 Typical acquired abnormalities of the ciliary axoneme. A) expanded 
membrane, 8) missing and C) extra central microtubule, D) missing membrane, E) compound, F) 
missing peripheral doublet, G) disarranged axoneme and H) extra peripheral doublet. 
The ciliary axonemal structure does vary considerably as it progresses from the base to the 
tip, as demonstrated in Figure 3.7 . Care must, therefore, be taken when deciding whether a 
cross-section of a cilium is abnormal or just a natural feature , created by being near the 
base or the ciliary crown. In order to minimise the impact that these natural changes may 
have on the number of recorded abnormalities, only cross sections in the middle portion of 
the cilium were considered. To ensure that only cilia sectioned in the middle portion of the 
structure were assessed, care was taken to avoid cilia located near the epithelial surface or 
near cilia displaying characteristics of ciliary tips. If the cilia were located adjacent to the 
epithelial cell surface or surrounded by cilia displaying triplet or singlet microtubules they 
were not included in analysis. The key to knowing which irregularities are true secondary 
ciliary abnormalities and which are natural features, comes with microscopy experience as 
does knowing which section of the cilium is being displayed. 
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Figure 3.16 Schematic representation of a 
cilium, showing changes in the cilia 
axoneme from the triple microtubules in 
the basal body to the single tubules in the 
ciliary crown. 
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CHAPTER FOUR 
The effect of increased FP2 on the ciliary coverage of cultured rat trachea in 
vitro 
4.0 Abstract 
Many intensive care patients require an increased F;02, which has been shown to have 
significant adverse effects upon the lungs (Bonikos et al., 1976). Qualitative reports 
describe ciliary loss (Konradova et al., 1988) and reduced ciliary beat frequency (Stanek et 
al., 1998) in the upper airways. The present study quantitatively investigated the effect of 
increased Fi02 on the airways main defence mechanism, the mucociliary apparatus. 
Sections of rat trachea (male, Sprague-Dawley) were cultured for 12 days in 21%, 40%, 
60% or 100% oxygen with only partial submersion, allowing the ciliary border to maintain 
an air interface similar to natural physiological conditions. Samples were collected daily, 
prepared and blinded before imaging with a scanning electron microscope. 
Contiguous micrographs (500x) were taken of the total mucosal surface. A personal 
computer and software analysed the images, differentiating between ciliated and non-
ciliated cells, providing a novel highly quantitative measure of percentage ciliary coverage. 
A high degree of variation in ciliary coverage of ral trachea was found in the first lhree 
days of culture. From day four of culture onwards, samples incubated in air (21% 0 2) 
predominantly had significantly higher ciliary coverage than those incubated in increased 
F;02 (40%, 60% and 100% 0 2). The median ciliary coverage for days six to twelve 
decreased in the expected dose response order (21 %02: 27%, 40%02: 8%, 60%02: 3%, 
100%02 : 0%) This study has utilized a novel quantitative method to show that increased 
F;02 leads to ciliary denudation of cultured rat trachea. 
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4.1 Introduction 
Most patients in ICU requiring mechanical ventilation have multiple systemic illnesses or 
serious cardiopulmonary disease. As pulmonary function decreases, a significant number 
of this. patient group require an increased fraction of inspired oxygen (F;02) as less oxygen 
becomes dissolved in the blood. At present, there is no definitive concentration of inspired 
oxygen that is safe for all patients. In practise the lowest F;02 that provides adequate 
oxygen delivery with a margin of safety is utilised, with adjustment to lower inspired 
levels as the patient's condition allows. As ICU patients commonly suffer from poor 
pulmonary function it is normal to administer elevated F;02 for extensive periods of time. 
While there are four main clinical symptoms of oxygen toxicity (absorption atelectasis, 
tracheobronchitis, bronchopulmonary dysplasia, acute respiratory distress syndrome) the 
lung is not the only organ to be affected by elevated F;02, with the effective functioning of 
the mucociliary apparatus also potentially being disrupted. 
As discussed in the literature review, there is strong evidence from Konrad et al. (1995) 
that many critical care patients suffer from reduced cilia beat frequency (CBF), mucus 
clearance and ciliary loss, which may be related to the development of retention of 
secretion and subsequent pneumonia. Nosocomial pneumonia is the most common 
infection in ICUs and is associated with approximately a 4 day increase in length of ICU 
stay and an attributable mortality rate of 20-30% (Cook, 2000). It is relevant to fully 
investigate the effects of elevated F;02 on the mucociliary apparatus and ascertain whether 
any potential negative relationship would have a threshold point or be linear. 
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In order to answer these questions, a method of measuring the extent of damage to the 
mucociliary apparatus was selected. One of the best indicators of mucociliary health, used 
in most research, is the level of ciliary coverage (Joki et al., 1998; Konrad et al., 1995; 
Mammel et al., 1986; Takemura, 1981). Healthy mucosa is typically characterised by a 
high abundance of ciliated cells, especially in the upper airways, where coverage is almost 
unintemtpted. Many research reports that have investigated the effects of environmental 
toxins or mechanical damage on the airway mucosa have seen an increase in ciliary 
denudation (Wanner et al., 1996). There is also evidence that the reduced mucociliary 
clearance (MCC), characteristic of ICU patients, is related to a decrease in ciliary coverage 
(Konrad et al., 1995). Similarly, I used the proportion of ciliary cover of rat trachea as an 
indicator of mucociliary health for this study, as this approach appeared to be the adopted 
method in the current literature. 
An animal model was chosen for this study. The'rat trachea is suitable for this type of 
study as it has been utilised for several previous studies into mucociliary defence 
(Biesalski et al., 1996; Stratmann et al., 1991; Thibeault et al., 1990; Umeda et al., 1995). 
The respiratory cilia of humans and all mammals are almost identical, when compared in 
scanning (SEM) or transmission electron microscopy (TEM) (Fawcett and Porter, 1954). 
The decision to use the trachea, instead of the bronchi, was made as it is the largest section 
of airway and benefits from almost complete ciliation. This, therefore, makes a good 
starting point from which to measure ciliary loss. As discussed in detail in chapter 3, a new 
model of tissue culture was developed for this study. The traditional culture methods, 
where tissue is immersed in culture medium, often leads to rapid ciliary denudation and 
lacks the natural air-interface found in the respiratory tract. The presence of this air-
interface appears to be necessary to encourage brush cells and intermediary cells to 
differentiate and become ciliated (de Jong et al., 1994). 
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As the study was to be conducted over a period of time similar to that of a long-stay ICU 
patient (2 weeks), encouraging cell differentiation was crucial for this study to maintain 
good ciliary cover. It is also beneficial, when conducting a study into the effects of a gas, 
to have the tissue exposed in a situation that mirrors normal conditions as closely as 
possible. Several preliminary trials were conducted until a new method of tissue culture 
was developed that allowed easy collection of samples, changes of media and encourage 
epithelial cell ciliation over a lengthy culturing period. 
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4.2 Method 
In total the complete tracheas from 65 male Sprague Dawley rats (240-250g) were 
aseptically dissected using the method described in the novel techniques chapter (section 
3.1), to produce 390 pairs of matching tracheal half rings. These matching pairs were 
randomly allocated to one of two treatment groups with three matching pairs going to each. 
These were placed ciliated surface uppermost, within a cell culture insert upon a 3.0 pm, 
high-density membrane (Becton Dickinson, Franklin Lakes, NJ, USA). One hundred 
microlitres of Hanks sail buffered media (M199)(Sigma, Poole, U.K.) supplemented with 
penicillin (50 IU/ml), streptomycin (50 pg/ml), 10% new born calf serum and L-glutamine 
(lOOpg/ml) was carefully micro-pipetted around the tracheal half rings. A meniscus formed 
around the tissue avoiding submersion of the lower ciliated areas, whilst still providing 
nutrients to the tracheal underside. 
Supplementary nutrients were absorbed through the insert membrane from the companion 
Plate well below (Becton Dickinson, Franklin Lakes, NJ, USA) which contained 1 m1 of 
additional media. The full details of the culture method are outlined in section 3.1, of the 
novel techniques chapter. The companion Plates were placed within specially constructed 
airtight chambers (Figure 4.1), built in house at the University of Plymouth to contain five 
culture trays. An additional culture tray was placed in each chamber containing 50 ml of 
distilled water to maintain humidity. 
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Figure 4.1 Schematic representation of the airtight cell culture vessels used in the oxygen 
toxicity study, (A) represents the cell culture trays. Chamber volume was 2.500ml, the 
chamber was flushed with the gas mixtures for five minutes, at a flow rate of four litres a 
minute. 
Chambers were flooded with British Oxygen Company (BOC,UK) certified standard 
medical gas mixtures containing 2 1%, 40%, 60% or 100% oxygen, (balanced with 
nitrogen) for five minutes, at a flow rate of four litres a minute. The chambers were then 
sealed and placed within an incubator set at 37°C. The experiment was repeated at least six 
times for all of the elevated oxygen groups (40, 60 and 100% 0 2) and thirteen times for the 
21% oxygen, control group. The culture media and gas mixtures were changed with daily 
sample collection. In order to check that the tissue was not dramatically altering the 
concentration of oxygen as the cells metabolised, the oxygen consumption of brain tissue 
was calculated, which possesses a very high metabolic rate. Brain tissue uses about 3.5 rnl 
of Oi 100gram/min (Astrid, 1996). 
The chamber has a capacity of 2,500ml and therefore at 21% 0 2 it has 525ml of oxygen. 
The chambers cultured a maximum of 0.8 grams of tissue and so 3.5 x 0.008 x 60 x 24 = 
40.32 ml/02 per day. So final 0 2 concentration would be ((525-40.32)/2500)x 100 = 
19.38% oxygen. At the very end of the 24hr period the oxygen concentration would have 
dropped 1.62% for all concentrations of oxygen used. This is, however, only at the end of 
the 24 hours and calculated for a tissue which possesses a very high metabolic rate. The 
impact of the tracheal cultures on the concentration of oxygen would be less than that of 
brain tissue. At the same time as sample collection the pH of the cullure media was tested 
to ensure no significant shift from pH 7.2 occurred. After collection, my supervisor, using 
random number generation on an Excel spreadsheet blinded the samples. As the tracheal 
half rings were cut so that each contained two tracheal bands, samples were identical and 
impossible to distinguish visually after blinding. Samples were fixed in 2.5% 
glutaraldehyde and after dehydration in ethanol, were dried of liquid carbon dioxide by 
critical point drying. 
The dried specimens were mounted on aluminium stubs and coated with gold to a normal 
thickness of 5-10 nm (1<550, Emitech, U.K.) and examined under a Jeol 6100 scanning 
electron microscope (SEM) operated at lOKv. A full explanation of sample preparation is 
available in section 3.1. The complete mucosal surface of each tracheal half ring was 
contiguously imaged and digital pictures collected by a digital image archive system 
(Semafore, JEOL, UK) at .SOOx magnification. Care was taken to avoid areas of mechanical 
damage. The images were analysed using standard graphics software (Adobe PhotoShop 
v.5.0, Adobe Systems, San Jose, CA, USA) utilising a series of in-built filters and 
automated functions that distinguished between the ciliated areas and the background 
mucosa. 
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This produced a binary image and through use of the histogram option, which provides a 
count of black and white pixels, percentage ciliary cover was calculated. The abundance of 
the matching tracheal half rings was averaged to account for natural variation in dorsal and 
ventral ciliary coverage. A full account of the image analysis system is detailed in section 
3.2.1. The original images were also subject to visual assessment by the author, blinded to 
sample identity, to quantify other key features of epithelial health. These included cell 
topography, the number of cell blebs and the presence of new cilia. Cell topography was 
measured by classing the image into one of four groups; (I) completely flat mucosa, (2) 
slight topographical contours, (3) moderate contours and (4) plentiful contours. The 
average cell topography score for the whole tracheal ring was recorded. The presence of 
ciliary banding was also recorded, a feature where cilia are concentrated over the cartilage 
ring creating bands of high ciliation. 
4.2.1 Statistical Analysis 
Differences in ciliary coverage, cell topography, new cilia formation and the prevalence of 
cellular blebs of the four groups were analysed for each day using a Kruskai-Wallis test, a 
p-value of less than 0.05 was considered to be statistically significant (Statgraphics, USA). 
A follow-up analysis using a non-parametric multiple range tests (multiple comparisons 
procedure) was used to determine between which oxygen groups differences occurred. 
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4.3 Results 
4.3.1 Ciliary Coverage 
The change in ciliary coverage over time of the four groups, 21%, 40%, 60% and 100% 
oxygen is summarised as box-and-whisker plots in Figure 4.2. The box represents the 
inter-quartile range (IQR) of the data that encloses the median, represented by a horizontal 
line. The whiskers show the tails of lhe distribution, drawn from the box to the most 
extreme value within 1.5 IQR from the upper or lower quartile, respectively. The number 
of samples represented for each day of each treatment are as follows: 21% 0 2 - 13, 40% 0 2 
- 6, 60% 0 2 - 8, 100% 0 2 - 5. Each sample consists of two contiguously imaged half 
rings, made up of eight scanning electron micrographs. These were averaged to represent 
the total ciliary coverage for the whole tracheal ring. The graphs in Figure 4.2 show natural 
variation in ciliary coverage within the first days of culture. The distributions are evidently 
not normal with 21% 0 2 (lA) exhibiting the least skew, while 100% 0 2 (10) shows highly 
skewed data. The ciliary coverage of lhe samples decreased over time in all four groups, 
with marked differences in ciliary coverage between the air (21% 0 2) and the three 
elevated oxygen groups (40%,60% & 100% 0 2 ) (Table 4.1). 
Day Test-statistic p-value Table 4.1. Results of Kruskal-
1 7.29 0.06 Wallis test for differences 
2 3.83 0.28 
3 0.42 0.94 between the four groups, 21%. 
4 9.81 0.02 40%, 60% and 100% oxygen. 
5 14.19 0.003 
6 21.61 0.0008 Tesl statistics and p-valucs are 
7 15.32 0.002 shown for each day of culture. 
8 22.19 0.0006 
9 16.71 0.0008 
10 14.81 0.002 
11 18.49 0.0003 
12 15.48 0.001 
lOO 
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 
- 100 100 ~ 1C ~~$ lD - ~r~ - fa 80 80 0 e 60 60 ....... ~ 40 40 a~~_r__l __ 8 ITI~.;,l_..._e (U 20 20 
= u 0 0 
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 
Time in culture (days) Time in culture (days) 
Figure 4.2 Box plots to show the effect of (lA) 21% 0 2, (lB) 40% 0 2, (lC) 60% 0 2 and (10)100% 0 2 
on ciliary coverage of cultured rat trachea throughout the 12 day experiment 
A Kruskal-Wallis test was used to test for significant differences between the groups by 
day, with the resulting test statistics and p-values shown in Table 4.1. From day four of 
culture there was a statistically significant difference between the four groups (21 %, 40%, 
60%, and 100% 0 2) which persisted throughout the trial. From .day six, the medians of the 
groups were observed to be within the expected dose response order. A follow-up analysis 
using multiple range tests showed a significant difference from day four onwards between 
the air (21% 0 2) and all three of the elevated oxygen groups (40%, 60%, and 100% 0 2) , 
except for day 11 where no statistically significant difference was found between the air 
and the 40% oxygen group. 
Ciliary coverage for days 6-12 
Group Median 90% Reference range 
Air (21% oxygen) 27% 2-70% 
40% oxygen 8% 0-31% 
60% oxygen 3% 0-15% 
100% oxygen 0% 0-15% 
Table 4.2. Median percentage ci liary coverage is shown for days 6- 12 of the study. References 
ranges were calculated from 0.05 a nd 0. 95 percentiles of the data. 
For days 6 to 12 of the study, median percentage ciliary coverage was calculated for each 
group. These are shown in Table 4.2 and clearly illustrate decreasing ciliary coverage with 
elevated levels of oxygen. Reference ranges indicate the normal range of the data, from the 
0.05 to 0.95 percentiles. 
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4.3.2 New Cilia Formation 
The graphs in Figure 4.3 show a high degree of variation in the presence of ciliogenesis of 
the tracheal epithelial cells cultured in 21% oxygen throughout the 12-day trial (2A). The 
preval~nce of ciliogenesis in the elevated oxygen groups is less varied in the first few days 
of culture but in the 40% (28) and 60% (2C) groups it becomes more varied as the trial 
progresses. The 100% oxygen treatment group displays the greatest lack of new cilia 
formation (2D), displaying the most highly skewed data, without new cilia being found 
after six days of culture. 
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Figure 4.3 Box plots to show the effect of (2A) 21 % 0 2, (28) 40% 0 2, (2C) 60% 0 2 and (20)100% 
0 2 on the prevalence of ciliogenesis of cultured rat trachea throughout the 12 day experiment. TheY-
axis represents the percentage of micrographs from each sample exhibiting newly formed cilia. 
A Kruskai-Wallis test was used to test for significant differences between the groups by 
day, with the resulting test statistics and p-values shown in Table 4.2. A follow-up analysis 
using multiple range tests is also illustrated in this table and shows between which groups 
the differences occurred. 
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Kruskal-Wallis Test Non-Parametric Multiple 
Range Test 
Day Test -st atistic p-value 21% 40% 60% 100% 
1 6.74 0.08 
2 3.76 0.29 
3 5.81 0.12 
4 9.05 0.029 X X X X 
X X 
5 12.88 0.005 X X 
X 
6 9.67 0.022 X X X X 
7 10.71 0.013 X X X X 
8 11 .21 0.011 X X X X 
9 6.56 0.088 
10 7.92 0.048 X X X X X 
11 6.46 0.091 
12 3.96 0.27 
Table 4.3. Results of Kruskai -Wallis test and non-parametric multiple range test for 
differences in ciliogenesis between the four groups, 2 1%,40%, 60% and lOO% oxygen. 
Test statistics and p-values are shown for each day of culture. 
4.3.3 Cellular Blebbing 
The graphs in Figure 4.4 show the approximate number of cell blebs found on the epithelia 
of the cultured tracheas throughout the 12-day trial. The tracheas cultured in 2 1% oxygen 
(3A) demonstrate a relatively constant level of cellular blebbing with little variation 
throughout the trial. The 40% (38 ) and 60% (30) oxygen treatment groups show a short 
term increase in bleb presence from day four of culture, with the increase most marked in 
the 60% oxygen treatment group. An increase in bleb number appears at day five in the 
100% (30) oxygen samples, with the data becoming more varied and the number of blebs 
increasing towards the end of the trial. A Kruskal-Wallis test was used to test for 
significant differences between the groups by day, with the resulting test statistics and p-
values shown in T able 4.3. A follow-up analysis using multiple range tests is also 
illustrated and shows between which groups the differences occurred. 
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Figure 4.4 Box plots to show the effect of (3A) 21% 0 2, (38) 40% 0 2, (3C) 60% 0 2 and (30 ) 100% 
0 2 on the number of cell blebs present on the cultured rat trachea throughout the 12 day experiment 
TheY -axis represents the total number of blebs counted from the eight micrographs representing the 
whole tracheal ring. 
Kruskal-Wallis Test Non-Parametric Multiple 
RanRe Test 
Day Test -statistic p-value 21% 40% 60% 100% 
1 2.66 0.45 
2 5.67 0.13 X X X X 
3 0.56 0.90 
4 15.57 0.001 X X X 
5 17.48 0 .00056 X X X 
6 6.39 0.094 
7 14.43 0 .0024 X X X 
8 0.48 0.92 
9 3.64 0.30 
10 7.45 0 .059 
11 4.80 0.19 
12 10.44 0.015 X X X 
Table 4.4 Results of Kruskai -Wallis test and non-parametric multiple range test for 
differences in the number of cell blebs between the four groups, 2 1%,40%,60% and 
100% oxygen. Test statis tics and p-valucs are shown for each day of culture. 
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4.3.4 Epithelial Topography 
The distributions in the graphs in Figure 4.5 are evidently not normal with all treatment 
groups showing highly skewed data. The decrease in cell topography appears least rapid in 
the 21% 0 2 (4A) group whilst the 40% (48), 60% (4C) and 100% 0 2 (4D) groups show 
similar levels of decline, with the most rapid being displayed by the 40% oxygen samples. 
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Figure 4.5 Box plots to show the effect or (3A ) 2 1% 0 2, ( 48) 40% 0 2, ( 4C) 60% 0 2 and 
(40) 100% 0 2 and cell cul ture on the level of cellular topography of cultured rat trachea 
throughout the 12 day experiment. The Y -axis represents the average score given to the 
micrographs of the trachea. 
A Kruskai-Wallis test was used to test for significant differences between the groups by 
day, with the resulting test statistics and p-values shown in Table 4.4. A follow-up analysis 
using multiple range tests is also illustrated and shows between which groups the 
differences occurred. 
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Kruskal-Wallis Test Non-Parametric Multiple 
Range Test 
Day Test -statistic p-value 21% 40% 60% 
X X X 
1 13.93 0 .003 X 
X X 
2 14.15 0.0027 X X 
X 
3 8.51 0.036 X X X X 
4 9.03 0 .028 X X X X 
5 4.34 0.22 
6 1.92 0.58 
7 4.13 0.25 
8 2.63 0.45 
9 1.50 0.68 
10 2.77 0.43 
11 1.21 0.75 
12 3.60 0.31 
Table 4.5 Results of Kruskal -Wallis test and non-parametric multiple range test for 
differences in cell topography between the four groups, 21 %, 40%, 60% and lOO% 
oxygen. Test statistics and p-values are shown for each day of culture. 
4.3.5 Ciliary banding 
100% 
X 
X 
X 
X 
X 
X 
The graphs in Figure 4.5 illustrate the prevalence of ciliary banding by day in the four 
treatment groups. A small level of banding is evident in all four-treatment groups in the 
first few days of culture. The banding persists in the 21% (SA) treatment group at a low 
level throughout the trial and is present in the 40% (58) samples up until day five of 
culture, except for one isolated example at day nine. In both the 60% (5C) and 100% (50) 
treatments there is no more banding in samples after day four and day three of culture, 
respectively. 
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Figure 4.6 Box plots to show the effect of (3A) 21% 0 2, (48) 40% 0 2, (4C) 60% 0 2 and 
(4D) 100% 0 2 and cell culture on the level of ciliary banding of cultured rat trachea throughout 
the 12 day experiment. TheY -axis represents the average percent of micrographs displaying 
ci liary banding. 
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Plate 1. 
Figure A. Scanning.electron_ micrograph of rat tracheal mucosa after 4 days of culture 
in 21% oxygen. Ciliary coverage is concentrated where there is an underlying cartilage 
ring (Cr). This prevalence of this effect is illustrated in Figure 4.5. 
Figure B. Scanning electron micrograph of rat tracheal mucosa after 10 days of 
culture in 21% oxygen. Although more sparse, the cilia are still concentrated over the 
cartilage ring (Cr). 
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Plate 2 
Figure A. Scanning electron micrograph of rat tracheal ciliated epithelium after one 
day of culture in 21% oxygen, balanced with nitrogen. Note the high degree of 
topography and the presence of numerous ciliated cells. 
Figure B. Scanning electron micrograph of rat tracheal ciliated epithelium after 
ten days of culture in 60% oxygen, balanced with nitrogen. Note the lack of cell 
ciliation and flattened mucosa. The prevalence of this effect is illustrated in Figure 4.6. 
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A 
Plate 3 
Figure A. Scanning electron micrograph of rat tracheal ciliated epithelium after eight 
days of culture in 100% oxygen, balanced with nitrogen. New cilia have stopped being 
formed and ciliated cells have sloughed away from the epithelial surface. 
Figure B. Scanning electron micrograph of rat tracheal mucosa after twelve days 
of culture in 21% oxygen, balanced with nitrogen. The epithelial cells are forming new 
cilia (Ne). The prevalence of this effect for all treatment groups is illustrated in Figure 
4.3. 
lll 

Plate4 
Figure A. Scanning electron micrograph of rat tracheal ciliated epithelium after 
seven days of culture in 60% oxygen, balanced with nitrogen. 
Figure B. Scanning electron micrograph of rat tracheal ciliated epithelium after 
four days of culture in 60% oxygen, balanced with nitrogen. Note the large number of 
cell blebs appearing from the surface. The prevalence of this effect is illustrated in 
Figure 4.4. 
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Plate 6 
.Figure A. Scanning electron micrograph of rat tracheal ciliated epithelium after five 
days of culture in 60% oxygen, balanced with nitrogen. The cilia are abnormally formed 
with the tip of the ciliary shaft being enlarged. The normal shape of a cilium is shown in 
Plate 4, Figure A. 
Figure B. Scanning electron micrograph of rat tracheal ciliated epithelium after 
five days of culture in 60% oxygen, balanced with nitrogen. A higher magnification 
micrograph of the swollen cilia. 
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4.4 Discussion 
As shown in Figure 4.2, the ciliary coverage of the control group (21% 0 2) decreased 
substantially after six days in culture (Figure 2A). A contributing factor to this reduction 
was the increased presence of a self-termed phenomenon, ciliary banding (Figure 4.5). It 
was noted, especially on the control samples, tJ:!.at the cilia were more densely populated in 
areas overlying a tracheal ring (Plate lA). The exact cause of this effect is unknown and 
could be the subject of future research. ft is possible that the cilia could be benefiting from 
the presence of the cartilage ring by being able to absorb some necessary component for 
ciliogenesis, but supporting literary evidence for this could not be found. It has also been 
suggested that this protective effect was due to the cartilage consuming oxygen, reducing 
the P02 of the overlying mucosa. The ciliary banding was most persistent in the control 
samples cultured in 21% oxygen and was found in the first few days of culture in all 
treatment groups (Figure 4.5). This suggests that if this were the mechanism behind the 
phenomenon then the cartilage rings can not be providing enough cover to protect the 
ciliated cells exposed to the elevated oxygen. It also appears quite likely that ciliary 
banding might occur naturally in the rat trachea and may be a common feature for this type 
of tissue. 
The study described in this chapter utilised whole organ culture of rat tracheal rings. As is 
the case with this tissue and many primary cultures, especially cultures of airway 
epithelium in which there is a heterogeneous population of cells (e.g. ciliated, secretory, 
basal), there is a large degree of variation from preparation to preparation and from day to 
day in a number of structural parameters. This variability is reflected in the graphs 
presented in the results section and is typical for these types of cultures (Rochelle et al., 
1998; Wright et al., 1996). The current study utilised a large number of paired samples to 
try to minimise these effects, but future research should consider establishing a cell line, 
which should possess less variability. 
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The amount of nutrients provided to the tissue was the same as used in previous culturing 
experiments by colleagues and has proved adequate in past studies (Lane and Miller, 1976; 
Nikula and Wilson, 1990; Pavelka, 1976; Schiff and Shefner, 1975). The overall decrease 
in cell ciliation was unlikely to be due to changes in culture media pH as this was tested for 
all cultures and did not vary substantially from neutral (range pH 6.9-7.6). There are 
numerous potential factors that can cause ciliary loss in cell culture and some level of 
deterioration in tissue structure is to be expected, as the tissue is removed from all of the 
different factors that would influence it in vivo. The aim of the culture model used for this 
study was to ensure adequate ciliogenesis and maintenance of ciliary coverage sufficient to 
test the effects of elevated F;02 and to this end, the model used was a success. 
Retrospectively, more time should have been spent testing different culture media types to 
improve mucosal integrity in control samples or attempts to use a 10% oxygen atmosphere 
should have been tried to establish if this would have further maintained ciliary coverage. 
Unfortunately, time and financial constraints did not permit additional culture runs to be 
performed. 
Many previous investigations of rat respiratory epithelium have utilised monolayer-
culturing techniques, or cell suspensions. It was decided not to use such methods as it has 
been reported they often lead to a 'mucous'-type epithelium that contains many secretory 
cells, but few ciliated cells (Ciark et al., 1995). In this respect, the intact. three-dimensional 
mucosal surface of organ cultures is more physiologic than isolated cell systems and 
possibly cell-culture monolayers (Jackson et al., 1996; Simons and Wandinger-Ness, 
1990). 
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One of the initial aims of this study was to design a culture system that mimicked natural 
physiological conditions as closely as possible, whilst also encouraging epithelial cell 
ciliation. Continual ciliation was necessary to be able to keep the ciliary coverage at an 
adequate level to be able to distinguish between ciliary loss due to tissue culture and loss 
due to oxygen toxicity. Continued cell ciliation was observed in samples (Figure 4.3) in the 
control (21% oxygen)(2A), 40% (28) and 60% (2C) oxygen culture groups, with new cilia 
formation even towards the end of the culturing run (Plate 28). lt appears that ciliogenesis 
is still possible by the epithelial cells after 12 days of culture in 60% Oxygen. Only the 
samples cultured in 100% oxygen (Figure 4.3, 20) showed a complete lack of new cilia 
formation, evident from day seven of culture. lt may be that there is a threshold point 
between 60% and 100% oxygen above which ciliogenesis is inhibited or that the cells have 
reached the early stages of cell death and are unable to form new cilia. 
The significance of this study, in comparison to previous investigations into the effects of 
elevated oxygen on mucociliary health, is the robustness of the methodology used. 
Previous reports have relied upon unblinded, rough grading of ciliary coverage leading to 
inaccurate measurement and the possibility of observer bias (Konrad et al., 1995; Obara et 
al., 1979). The present study overcame this problem by blinding the laboratory researcher 
to sample identity and by development of an accurate computer-assisted method of 
quantifying ciliary coverage, described in section 3.2.l. Using this novel method of 
assessment and to the best of our knowledge, this is the first study to show a statistically 
significant relationship between increased oxygen concentration and ciliary loss in cultured 
rat trachea. 
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Directly comparing the results of this study with the findings of other workers is difficult, 
as to the best of my knowledge, no other research has quantitatively assessed ciliary 
abundance in relation to hyperox:ia. Several reports have noted a reduction in ciliary 
coverage in tracheal ex:plants from hamsters (Bames et al., 1983), rabbits (Konradova et 
al., 1988) and bronchial ex:plants of adult mice (Obara et al., 1979) when exposed to 
hyperox:ia, but all employed observational methods to report this reduction. These studies 
also noted mucosal flattening and an increase in cell blebs in the hyperox:ia treatment 
groups. 
In the current study all treatment groups was subject to extensive flattening of the mucosal 
surface, changing from mucosa characterised by frequent tissue folds and rounded cells 
(Plate 2A), to smooth epithelial cells with little topography (Plate 28). The rate at which 
this occurred is depicted in Figure 4.4 and illustrates how this flattening occurred in all of 
the treatment groups, but was most rapid in the cultures receiving elevated oxygen. Some 
mucosal flattening was expected to occur, as it is a common feature of cell culture for 
respiratory epithelium (Bames et ul., 1983; Biesalski et ul., 1996). The fact it was more 
rapid in the elevated oxygen groups suggests that the additional stress associated with the 
increased oxygen levels may have speeded up this already rapid process. 
The number of cellular blebs present on the tracheal ring was also recorded and this feature 
is illustrated on Plate 4A. The prevalence of blebs (Figure 4.4) in the 40%, 60% and 100% 
oxygen treatment groups was subject to an increase in number between days four and five 
of culture. There was also evidence in all treatment groups of an increase in ciliated cell 
sloughing leaving only brush-type cells as the mucosal surface (Plate 5). 
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Another interesting finding was the presence of abnormally formed cilia on tracheal 
sections, cultured in 40% and 60% oxygen, for several days (Plate 6). They were not 
present on cultures kept in 100% oxygen concentrations, as ciliary denudation was usually 
complete before this stage. These abnormalities were rare and found on only eight samples 
in close proximity to cells with normal cilia, with no more than two or three cells showing 
the abnormalities per tracheal ring. Transmission electron microscopy was performed on a 
small number of samples in order to assess any change in axonemal arrangement. One such 
abnormal cilium, from a sample that spent ten days of culture in 40% oxygen balanced 
with nitrogen was longitudinally sectioned (Plate 7, Fig B). The axoneme appears to form a 
circular pattern within the head of the cilium, bending back in on itself. To the best of our 
knowledge this is the first time that this type of abnormality has been longitudinally 
sectioned showing the circular nature of the axonemal structure. No clear increase in any 
other abnormality types was found in either control or elevated oxygen cultures ( < 5% ). 
A possible mechanism to explain how a relatively stable di-oxygen molecule becomes 
toxic to the respiratory epithelium is an increased production of reactive oxygen species 
(ROS). ROS are oxygen species having an unpaired electron in its orbital, causing it to 
react with a number of previously stable organic molecules. Mitochondria are the main 
location of intracellular ROS production, but they can also result from auto-oxidation of 
small molecules or the functioning of some enzymes (Halliwell and Gutteridge, 1999). 
The targets of ROS include molecules as fundamental as DNA, and as structurally and 
functionally necessary as lipids or proteins, which can result in the disruption of many 
important enzymatic and non-enzymatic pathways. The resultant patho-physiology often 
includes altered vascular reactivity, recruitment and activation of neutrophils and alveolar 
macrophages and the production of cytokines, which in turn produce more reactive oxygen 
spec1es. 
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The first ROS to be derived from molecular oxygen is the superoxide anion (02·-) produced 
from the univalent reduction of molecular oxygen. Although the superoxide radical (02-) is 
reactive, it is only a weak reductant or oxidant, but is capable of diffusing throughout 
relatively large distances in the cell (Halliwell and Gutteridge, 1999). In hyperoxic 
conditions, it is produced from the enzymatic or non-enzymatic reduction of molecular 
oxygen in such excess that the usual defences against its production are swamped, and 
once produced it goes on to generate the more potent oxidants (Figure 4.6) such as 
hydrogen peroxide (HP2) and hydroxyl radical (HO")-
+ 
-
Fe2+ + H 0 ---> Fe3+ + OR + -OH .._ 2 2 
Figure 4.7. The Haber-Weiss reaction, which converL• 
hydrogen peroxide into a highly reactive hydroxyl radical 
(OH") Halliwell, (1999). 
Superoxide (02·-) can also generate peroxynitrite (ONOO-) in the presence of nitric oxide 
(NO), which is usually produced in the respiratory tract by the endothelium, macrophages 
and neutrophils. While NO itself is a free radical, it has relatively low reactivity and its 
attributed toxicity is considered to be the consequence of a reaction with the superoxide 
anion, to yield more toxic secondary products. Peroxynitrite decomposes to generate a 
strong oxidant with reactivity similar to hydroxyl radical, in a reaction not requiring iron 
for catalysis (Figure 4.7). Supcroxide dismutase is thought to protect pulmonary vascular 
endothelium where NO is generated by preventing the fonnation of peroxynitrite 
(Halliwell and Gutteridge, 1999). 
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02- + NO ---> ONoo- + H+ <---> ONOOH 
Figure 4.8 Interaction of Supcroxide and NO to form the stable peroxynitrite anion (ONOO-), 
which decomposes to form a strong oxidant. ONOO- is peroxynitrite, and ONOOH is its 
conjugate acid, peroxynitrous acid (Halliwell, 1999). 
Halliwell (Halliwell and Gutteridge, 1999) has reported that superoxide production (02 ") 
by mitochondria within the rat pulmonary endothelial cells is increased at elevated oxygen 
concentrations. He noted that nine percent of oxygen uptake by mitochondria became 
superoxide in air, whilst 18% of oxygen uptake became superoxide in an 85% oxygen 
atmosphere. This effect has been supported through the use of electron paramagnetic 
resonance which shows that hyperoxia causes superoxide (02 -) and hydroxyl radical (OH) 
generation within sheep pulmonary endothelial cells and that this is directly linked to cell 
death (Zweier et al., 1989). 
Although the mitochondrial electron transport chain is a very efficient system, the very 
nature of the alternating one-electron oxidation-reduction reactions it catalyzes (generating 
a constantly alternating series of ''caged' radicals) predispose each electron carrier to side 
reactions with molecular oxygen (Cadenas and Davies, 2000). This creates many 
opportunities for the electron to pass to oxygen directly, creating a superoxide radical. 
About two to three percent of the oxygen used by mitochondria leaks out incompletely 
reduced as superoxide anion or hydrogen peroxide in normal conditions (Chance et al., 
1979; Naqui et al., 1986). Although the fraction of oxygen leaking out is small, the amount 
of reactive oxygen species generated can be significant if the tissue is metabolically active 
and is in contact with sufficient oxygen. 
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The ciliated epithelium of the upper respiratory tract, which contains a large number of 
mitochondria close to the ciliated surface, is likely to be exposed to a relatively large 
number of mitochondrially derived free radicals. In our experiments, the undifferentiated 
brush cells did not appear to be subject to the same level of cell sloughing (Plate 5.) and 
damage as the ciliated cells. The close proximity of the mitochondria to the basal bodies 
of the cilia and their high numbers in ciliated cells, might explain why these cells are the 
focus of the oxidative damage. This proposed mechanism could be the subject of further 
research. 
A possible alternative to this mechanism could be excessive inflammatory response by the 
tissue. The normal purpose of inflammation is to destroy and remove injurious agents and 
damaged tissues, thereby promoting tissue repair. When this crucial and normally 
beneficial response occurs in an uncontrolled manner the result is excessive cellular/tissue 
damage, chronic inflammation and destruction of normal tissue. Reactive oxygen species 
are liberated by phagocytes recruited to sites of inflammation and are proposed to be a 
major source of cell and tissue damage (Rahman and MacNee, 1996). Respiratory 
epithelial cells have been shown to be susceptible to the injurious effects of oxidants and 
are known to release inflammatory mediators and cytokines/chemokines in response to 
oxidative stress (Brennan et al., 1995). The release of cytokines/chemokines induces 
neutrophil recruitment and the transcription of key transcriptor factors such as nuclear 
factor-KB (NF-KB) and activator protein-) (AP-1 ), thereby augmenting the inflammatory 
response and tissue damage (Rahman and MacNee, 1998). This inflammatory response 
would cause an oxidant/antioxidant imbalance that would naturally lead to cell destruction. 
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In vivo, to prevent the deleterious effects of this free radical generation, cells are equipped 
with an antioxidant system composed of enzymes (superoxide dismutase, catalase, 
glutathione peroxidase) and non-enzymatic substances such as glutathione, iron chelators, 
vitamin E and C. Superoxide dismutase (SOD) is considered to be the most important 
enzyme (Halliwell and Gutteridge, 1999), being present in all aerobic organisms, 
catalyzing the first reaction in Figure 4.3. SODs may occur both intra- and extracellularly 
and consist of two similar subunits: at the cytosolic site they contain Cu++ and Zn++ 
(CuZn-SOD), while at the mitochondrial site, the enzyme contains Mn2+ (Mn-SOD). For 
the reaction generating hydrogen peroxide from superoxide to be protective, the reactive 
peroxide has to be removed. 
The chemical species responsible are the peroxidases, of which catalase and glutathione 
peroxidase (GSH) are the main contributors. Ho et al. (1996) have shown that in the rat, 
CuZn-SOD activity can be augmented by pre-exposure to high, non-lethal concentrations 
of oxygen, after which the animals become tolerant to high concentrations of oxygen that 
would otherwise have proven lethal. They demonstrated that these sub-lethal doses of 
hyperox.ia cause an increase in CuZnSOD and MnSOD activity as early as three days after 
exposure. This mechanism is supported by the work by Ray et al. (2002) who describe the 
regulation of GSH synthesis in response to oxidants in bronchial epithelial (NCI-H292) 
cells. They found that exposure to menadione, a quinone that generates superoxide and 
H20 2 by redox cycling, decreases total cellular glutathione content. However, GSH content 
increased when the oxidative stress was withdrawn and remained high making the cells 
more resistant to future oxygen toxicity. 
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In contrast, Erzurum et al. (1993) found that when human bronchial epithelium cells are 
exposed to elevated oxygen in vitro, there is no such increase in the expression of 
intracellular antioxidant enzymes and also an apparent inability to upregulate expression at 
the mRNA level. This suggests that cells are unable to protect against hyperoxia through 
up-regulation of their normal defense mechanisms contributing to their vulnerability to 
oxygen stress. 
Human subjects exposed to an elevated FP2 during prolonged mechanical ventilation have 
autopsy microscopic features similar to those of animals exposed to high concentrations of 
oxygen alone (Capellier et al., 1999). A cause-effect relationship of oxygen exposure to the 
observed fatal histological changes is suggestive, but can never be ethically proven in man. 
The similarity of histological findings at post mortem in patients subjected to prolonged 
ventilation with a high FP2 and the changes in animals exposed to similar time-
concentration doses, suggests a major contribution from oxygen toxicity to progressive 
respiratory failure. The best approach to protect ICU patients from the effects of increased 
FP2 is lo use the lowest FP2 possible al all limes. 
The body's defence mechanisms may cope with an increase in ROS if the FP2 can be 
consistently kept as low as possible, avoiding the need for complicated therapies. The 
current study has shown that elevated oxygen causes ciliary denudation of cultured rat 
trachea in a dose response manner, using novel highly quantitative methods. The methods 
developed in this study should allow for more accurate testing of potential therapeutic 
antioxidants and increased understanding of the process of oxygen stress. 
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Chapter 5. 
Ageing Study 
5.0 Abstract 
The mucociliary apparatus is the main airw.ay defense mechanism, protecting the lungs 
from respiratory infections. Ninety percent of pneumonia-related deaths occur in patients 
that are over 65 years of age (Partridge, 2001). Respiratory ciliary ultra-structure is an 
important determinant of efficient mucus clearance and ciliary abnormalities have been 
reported to increase with ageing (Ho et al., 2001). Tracheal brushings were collected from 
55 asymptomatic adult patients ( 13 male, 42 female) after induction of anaesthesia 
(propofol, fentanyl, isoflurane, N20) for day surgery. 
The prevalence of ciliary abnormalities were quantified by transmission electron 
microscopy analysis of ciliary transverse cross-sections taken from at least five separate 
areas from the tissue block. Laboratory researchers were blind to patient details. A 
minimum of 500 cilia were examined from each patient. No statistically significant 
relationship was found between the frequency of ciliary abnormalities and patient age, 
when correlation coefficients were used to test for a linear relationship (Figure 5.2, r = -
1.8, p = 0.99) or ANOV A (Figure 5.3, p = 0.23). The types of abnormalities found in all 
samples were polymorphic, which are characteristic of those that are acquired, not 
genetically derived. The frequency of ciliary ultrastructural abnormalities was found to be 
more related to the number of cilia evaluated than patient age. 
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S.l Introduction 
At present, pneumonia is the cause of one in four deaths in the UK, with 153,000 deaths 
reported in 1999 and taking up more than 2,800,000 hospital bed days a year (Partridge, 
2001). Elderly individuals are at a substantially increased risk for con!Tacting community 
and nursing home acquired pneumonia, influenza and tuberculosis (Ho et al., 2001). The 
effects of ageing on the lungs are physiologically and anatomically similar to those that 
occur during the development of mild emphysema, affecting ventilation, gas exchange, 
compliance, and other parameters of lung function. Despite this, airway immune resistance 
appears largely to remain unaltered. There is evidence for a slight decrease in T-
lymphocyte function in older people, however, B-cells, macrophages, and neutrophils 
generally function as well in the healthy elderly as in healthy young individuals (Gyetko 
and Toews, 1993). The markedly increased susceptibility of the elderly to lower respiratory 
tract infections is, therefore, unlikely to be just the result of immuno-senescence. 
Loss of an effective cough reflex has been reported by Burr et al. (1985) to occur in over 
70% of elderly patients with community-acquired pneumonia, compared with only 10% of 
age-matched controls. Prevalence in the elderly of conditions associated with reduced 
consciousness, such as sedative use and neurological diseases, are the major cause of 
missing cough reflex. Dysphagia or impaired oesophageal motility are also conditions most 
commonly encountered in the elderly, which contribute to pneumonia! infections by 
increasing the tendency of the patient to aspirate (Burr et al., 1985). This makes the 
efficient functioning of the mucociliary apparatus vital in ageing patients to protect the 
lungs from the build-up of secretions and reduce the risk of pneumonia. Several studies 
have investigated the effects of ageing on mucociliary function. Bronchial mucociliary 
clearance (MCC) has been reported to be 60% slower in the elderly compared with age 
matched controls (lnca1zi et al., 1989; Puchelle et al., 1979). 
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Goodman et al. (1978) have also found a comparative reduction in tracheal MCC when 
comparing lifelong elderly non-smokers with young non-smokers. However, a larger and 
more recent study did not report such a reduction in MCC in either the peripheral or central 
airways (Mortensen et al., 1994). Nasal cilia beat frequency (CBF) in the elderly has been 
reported to be depressed (12.2:!: 1.7 Hz compared with 13.9:!: 1.4 Hz in Ho et al., 2001), 
although the reduction found was minimal. Potentially, the reduction in mucociliary 
clearance in the elderly may be due to a physical rather than a functional change to the 
ciliated epithelium. There has been no prior investigation of the effects of ageing on ciliary 
coverage in the upper airways. 
Only one study by Ho et al. (2001) has assessed the physical impact of ageing on the 
mucociliary apparatus, taking cytology brushings from the nasal cavity to investigate the 
frequency of ciliary abnormalities. They found a significant increase in the percentage of 
subjects displaying ciliary ultrastructural abnormalities (microtubular disarrangement, 
extra tubules and single tubules) with increasing age. They also reported that patients over 
40 years of age had an increasing frequency of ciliary cross-sections with single 
microtubules, but not microtubular disarrangement or extra tubules, than their age matched 
counterparts. Ho et al. (2001) studied a mean of 90.3 ± 87.0 (10 to 419) (mean ± SO 
(range)) ciliary cross-sections per individual. This may be insufficient to properly assess 
the frequency of acquired ciliary abnormalities, which are highly focal in nature. The 
authors also investigated nasal epithelia, despite evidence that changes in the ultrastructure 
of nasal cilia do not always reflect those in the trachea and bronchus (Verra et al., 1993), 
which are of greater significance in protecting the airways. The present study investigated 
the effect of ageing on the frequency of tracheal ciliary abnormalities in patients with non-
symptomatic airways. A total of at least 500 tracheal cilia were assessed per patient, from 
10 separate areas, in order to better quantify the presence of acquired ciliary abnormalities. 
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5.2 Materials and Methods 
5.2.1 Contribution of other workers 
The samples collected for this study (n = 45) were originally produced as part of an 
investigation begun by Miss Joanne Kirkby, to study the effects of smoking on ciliary 
ultrastructure. I was present at sample. collection and carried out sample preparation and 
assessment of ciliary abnormalities in a third of all samples (n = 14). In order to 
supplement the data set, additional samples were collected from elective surgery patients 
(n = 10) and sample blinding occurred alongside specimens for the ICU study (Chapter 6.). 
5.2.2 Subject Recruitment 
Informed consent was obtained from day surgery patients aged between 18 and 62 (n = 55; 
13 male, 42 female) attending Derriford Hospital, Plymouth, UK. The exclusion criteria 
included patients with known upper respiratory tract infections or patients with known 
respiratory conditions. The Plymouth Local Research Committee, South & West Devon 
Health Authority approved the study protocol. 
5.2.3 Specimen preparation 
All patients having a respiratory infection two weeks prior to surgery were excluded from 
the study. Immediately after patients were anaesthetised (propofol, fentanyl, isoflurane, 
N20) a sheathed cytology brush was wetted in isotonic saline and used to obtain a sample 
of ciliated epithelium from the trachea. The adherent tissue was dislodged and immediately 
fixed by brisk agitation in a bottle containing 2.5% glutaraldehyde in 0.2M cacodylate 
buffer (pH 7.2). The tracheal brushings were post-fixed in 2% osmium tetroxide, 
dehydrated in an ethanol series and infiltrated and embedded in epoxy resin. 
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The embedded tissue was sectioned using a Reichert ultracut microtome to produce semi-
thin sections ( .. 0.5!J.m), which were stained with methylene blue and examined under light 
microscopy. Areas were selected with well preserved epithelial structures with a 
satisfactory presence of cilia. Ultra-thin sections (= O.l!J.m), were collected from five 
different areas in each block, at least 10 Jtm apart, to ensure that no ciliated areas were 
assessed twice and collected on thin-bar, copper, mesh grids. Grids were stained in 2% 
uranyl acetate and 1% lead citrate before being examined in a 1200EX2 Joel (U.K.) TEM 
operated at 80kV. For a detailed description of sample preparation see section 3.3. 
5.2.4 Transmission Electron Microscopy 
Two separate areas, containing at least 50 clear cilia axonemes, from each of the five ultra-
thin sections were examined per sample. The cilia were systematically counted and 
evaluated with the abnormalities being classified into eight different groups, as illustrated 
in Chapter 3. 
The numbers of abnormalities were expressed as a percentage of the total number of cilia 
counted for that patient. Only TEM samples with at least 50 cilia captured in full cross-
section and obtained from at least 10 different epithelial cells were analysed. Laboratory 
researchers were blind to patient details until all analysis was complete. For a detailed 
description of TEM analysis see section 3.3. 
5.2.5 Statistical Analysis 
Statistical analysis to assess the relationship between patient age, smoking status and the 
number of cilia per sample and ciliary ultrastructural abnormality prevalence was 
performed using simple linear regression and a one way analysis of variance (ANOVA) 
(Statgraphics, v4.0 I, USA) for each factor. The data was normalised through a logit 
transformation and a variance check applied before analysis. 
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5.3 Results 
5.3.1 Subject Demography and Clinical Characteristics 
A total of 55 non-symptomatic, elective day surgery patients (13 male, 42 female; 28 
smokers, 27 non-smokers) underwent cytology brushing of the tracheal mucosa as part of a 
conveni~nce sample trial between May 1999 and August 2002. Each patient was 
investigated only once. A summary of patient details is provided in Table 5.1. 
Age Group 
years 
18-30 
31-40 
41-62 
number 
26 
19 
10 
Gender 
male 
11 
6 
3 
female 
15 
13 
7 
Table 5.1. Summary of patient details 
5.3.2 Abnormality analysis 
Age (years) 
mean 
25 
35 
45 
SD 
3.8 
2.9 
6.6 
Smokers 
yes 
15 
6 
3 
no 
11 
13 
7 
A total of 55 samples had adequate ciliary coverage for assessment of microtubular 
ultrastructure, and a mean of 872.2 ± 201.2 (617 to 1646) (standard deviation (range)) 
ciliary cross-sections were examined for the cohort. A posteriori power calculation was 
conducted and showed that the study had a 90% power to detect a 2% difference in 
abnormal ciliary prevalence. Anything up to 5% abnormal prevalence is considered 
clinically insignificant, showing that the study's power was adequate. The proportion of 
ciliary cross-sections exhibiting microtubular abnormalities (male patients: 3.9± 1.9%; and 
female patients: 3.0 ± 1.8%; n = 55, p = 0.1) was overall 3.2% (± 1.8) and were not 
significantly different between the two sexes (ANOVA). No statistically significant 
relationship was found between ciliary abnormalities with increasing age, when tested with 
simple linear regression (Figure 5.2, n =55, p = 0.99) or a one way ANOV A (Figure 5.2, n 
=55, p = 0.23). 
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An increase in ciliary abnormalities (>5%) compared to normal values was found in five 
subjects. The frequency of the different types of abnormality encountered is outlined in 
Table 5.2. Cilia missing both central tubules were recorded but excluded from analysis. 
The most prevalent type of abnormality was compound cilia (more than one axoneme 
surrounded by a single membrane), followed by cilia missing one outer doublet. Least 
common was cilia missing cell membranes. When considered individually, no statistically 
significant relationships were found between patient age and any of the different types of 
ultrastructural ciliary abnormalities. 
Ultrastructural abnormalities of cilia (%) 
® D ..... b-o~ "~~.q,';.,? 
Mean 0.17 0.09 0.14 0.01 1.15 1.02 0.83 0.16 
Standard 0.45 0.18 0.18 0.03 1.11 0.84 0.94 0.19 
Deviation 
Range 0.0- 2.5 0.0- 2.9 0.0-0.8 0.0-0.2 0.0-4.7 0.0-4.7 0.0-3.6 0.0- 1.0 
Table 5.2. The prevalence of the eight different types of distinct ciliary ultrastructural abnormality in all 
patients. A) expanded membrane, B) missing and C) extra central microtubule, D) missing membrdne, E) 
compound, F) missing peripheral doublet, G) disarranged axoneme and H) extra peripheral doublet 
During analysis of the data it was noted that the frequency of ciliary ultrastructural 
abnonnalities appeared to be related to the number of cilia evaluated (Figure 5.4), with 
variation in abnormality frequency greater in samples with less cilia evaluated. To evaluate 
this, the square root of the values were found to normalise the data and a simple linear 
regression performed. A statistically significant relationship was found at the 90% 
confidence level (n = 55, r = -0.24, p = 0.0883, Percent abnormal cilia = 2.20003-
0.000584026*Total cilia Evaluated). 
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Figure 5.3 Scatterplot showing the relationship between the frequency of acquired ciliary 
ul trastructural abnormalities and the number of cilia examined for each sample/patient. The top 
graph illus trates the prevalence reported in the literature (Table 5.3), the bottom graph shows the 
relationship for samples collected as part of the ageing study. 
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Ka.r Verra I de Ionsh I Rossman I Fox Is maDman I 
Abnonnality Mean S-D Mean S-D Mean S-D Mean S-D Mean S-D Mean 
A missing central 0.09 0.18 0.5 0.8 
microtubule 
B extra central 0.14 0.18 0.09 0.2 
microtubule 
D expanded 0. 17 0.45 1.1 1.1 
membrane 
E missing membrane 0.01 O.ffi 
F compound 1.15 1.11 0.4 0.6 0.8 1.2 0.27 0.3 1.81 
G missing peripheral 1.02 0.84 0.7 0.9 
douhlet 
H extra peripheral 0.16 0.19 0.6 0.4 
doublet 
K All ciliary 3.22 1.76 9.6 2.3 3.6 1.7 4.8 3 5.6 5.3 2.68 
abnormalities 
Numbt:r of ht:<t lthy 55 37 62 24 40 21 
patients/samples 
Average number of R72 126 :~R5 200 125 797 
cilia examined per 
47,972 4,662 4,800 5,000 16,737 
Approximate total 0 
cilia examined 
Table 5.3. The prevalence of the different types of distinc t ultrastructural abno nnality in the cilia of 
non-symptomatic individuals reported in the primary literature. 
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The following graphs illustrate the lack of a relationship between ciliary ultrastructural 
abnormality prevalence and patient smoking status. The scatter-plot illustrates abnormality 
frequency and patient pack years, with no statistically significant relationship being found 
by simple linear relationship (n = 23, p = 0.58). Pack years are calculated from the number 
of 20 cigarette packs smoked by a patient per day and the number of years the patient has 
smoked, with 1 pack per day, for one year, equating to one pack year. The box and 
whisker plot shows the ciliary abnormality data for smokers and non-smokers with no 
statistically significant difference found between the groups (n = 23, p = 0.93, One way 
ANOVA). 
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Figure 5.4 Scalterplol showing lhe rela tionship between the 
frequency of acquired ciliary ultrastructural abnom1alities and the 
number of patient smoking pack years and a box and whisker plot 
displaying the resul ts of abnormali ty frequency of smokers and non-
smokers. 
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5.4 Discussion 
The present study was undertaken to establish whether ageing was related to an increase in 
ciliary ultrastructural abnormalities, as reported by Ho et al. (2000). The current study was 
unable to establish such a relationship, with the prevalence of ciliary ultrastructural 
abnormalities not changing with increasing patient age, in individuals with non-
symptomatic airways. Further, no significant changes were found when the eight different 
types of ciliary abnormalities were considered individually. This contradicts the findings 
by Ho et al. (2001) who reported an increase in the percent of subjects exhibiting 
microtubular disarrangement and single central microtubules with increased patient age. 
However, as with the Ho et al. (2001) study, we were unable to collect sufficient samples 
from elderly patients to ensure that this group was sufficiently represented for a 
meaningful analysis. 
The original aim of the study was to include a large number of older patients (> 60) to 
supplement the data provided by the smoking study. Unfortunately, a lack of suitable 
patients on the surgery lists led to a shortage of samples in this age group and reduced the 
power of the study. Without these samples it is impossible to ascertain whether elderly 
patients do suffer from increased levels of ultrastructurally abnormal cilia and whether this 
may contribute to their susceptibility to respiratory infections. Despite these limitations, it 
is feasible that future research could use the results of this study, in conjunction with more 
samples collected from elderly patients, to complete the research into the effects of ageing 
on ciliary ultrastructure. Although no physical measurement of ciliary orientation occurred 
during assessment of ciliary abnormalities, it was clear that no patient's cilia could be 
considered to be grossly disorientated (standard deviation of angles of alignment (degrees) 
> 35 °). 
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Unlike the Ho et al. (2001) investigation, the present study did not include measurement of 
ciliary function using CBF. This was partly due to problems with equipment but also 
because of concerns over the relevance of this technique. In order for CBF to be measured 
the sample must be excised from the patient and placed into culture medium. This 
represents an insult to the tissue during excision, and immersion in media is highly 
unrepresentative of natural physiological conditions. Tissue that may have been influenced 
negatively by systemic influences prior to sample collection would soon recover in the 
more favourable conditions of the culture media. This may in part explain the lack of a 
reduction in CBF of elderly patients by Ho et al. (2001) and the wide range of beat 
frequencies commonly found in healthy subjects (lngels et al., 1991). Therefore, the in 
vivo measurement of mucus clearance in the airways may represent the most accurate 
measure of mucociliary function and health. Unfortunately the facilities required to 
conduct this test were not available for the current study. As previously mentioned, the 
majority of the samples used for this study (n = 45) were originally produced as part of an 
investigation begun by Miss Joanne K.irkby, to study the effects of smoking on ciliary 
ultra-structure. As illustrated in Figure 5.4, a significant relationship between smoking and 
the prevalence of ciliary ultrastructural abnormalities could not be established when tested 
against non-smoking individuals or when using pack years. The use of pack years as the 
measure of the patient's exposure to cigarette smoke was selected, as it is the most 
commonly utilised approach in the primary literature. This contradicts the findings of 
Verra et al. ( 1995) who found the percentage of axonemal ultrastructural abnormalities 
was higher in smokers (16.5% +1- 2.7%) and ex-smokers (17.5% +1- 7%) than in 
nonsmokers (5.2% +1- 1%). Verra's study, however, did use chronic sputum production 
sufferers as the study group and as such, other pathological or toxicological factors may 
have influenced their results. The results of the smoking analysis are being published as 
part of Joanne Kirkby's thesis and therefore, will not be discussed further here. 
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The types of ciliary abnormalities found in all samples were polymorphic, which are 
characteristic of those that are acquired, and have previously been associated with physical 
damage to the mucosa and infection (Afzelius, 1981; Carson et al., 1985). The 
.. ~-
ultrastructural abnormalities found in the course of this study were not numerous and 
probably have a very limited effect on mucociliary transport and little clinical significance. 
The majority of patients had an abnormality frequency of below five percent, which is 
considered within the normal range for healthy subjects. All of the individuals selected for 
this study had non-symptomatic airways and no known respiratory infection within the 
preceding two weeks. 
Compound cilia were the most prevalent abnormality found and are defined as cilia that 
contain multiple axonemal structures within one common membrane. The mechanism 
behind the formation of this abnormality has previously been reported. The compound 
cilium can be divided into two types. The type l or adhesive type, is composed of densely 
arranged axonemes and the type 2 or bulging type, contains loosely and randomly 
embedded axonemes (Plate 8, Chapter 6) (Takasaka el ul., 1980). The area of the luminal 
surface of ciliated cells is limited and when the basal bodies of the cilia densely migrate at 
the periphery of the luminal surface they mechanically push the apical cytoplasm and make 
a cytoplasmic protrusion at the center of the luminal cell surface (Roperto et al., 1998). 
Type 2 compound cilia are formed when centrioles migrate to the base of such protrusions 
and extend axonemes. Insufficient supply of the plasma membrane for new cilia might be 
associated also with the formation of cytoplasmic evagination (Kubota et al., 1986). Type 
I compound cilia are reported to form simply by the fusion of ciliary membranes (Carson 
e/ al., 1987). Unlike compound cilia, the formation of other ciliary abnormalities is less 
well understood and may be caused by multiple different factors affecting the process of 
ciliogenesis. 
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These secondary ciliary abnormalities have been shown to be highly focal in nature 
(Torkkeli et al., 1997) and it would be easy to exaggerate the prevalence of these 
anomalies, either positively or negatively, if an inadequate number of cilia per patient were 
not analysed. The study by Ho et al. (2001) assessed a mean of 90.3 ± 87.0 (range 10 to 
419) ciliary cross-sections per individual compared with 872.2 ± 201.2 (617 tp 1646) 
(standard deviation (range)) in the present study. By only assessing an average of 90 cilia, 
the probability of missing most abnormality types is large, especially as the authors do not 
clarify whether they analysed more then one area. Additionally, Ho et al. (2001) uses the 
number of individuals possessing a particular abnormality to represent its frequency, 
whereas the present study uses the frequency of cilia displaying that particular 
abnormality, calculated per individual. If the number of individuals possessing a particular 
ciliary abnormality is used to represent its frequency and enough cilia are assessed per any 
particular individual, then based on our experience every type of abnormality should be 
encountered. Therefore, I would recommend using the actual frequency of cilia expressing 
a particular abnormality for each sample, as this should be considered the most 
representative and accurate method of expressing the prevalence of ciliary ultrastructural 
abnom1alities. 
After the results of the study were unblinded, it was noted that the frequency of abnormal 
cilia appeared related to the number of cilia evaluated for a particular individual. The 
number of cilia examined did vary from sample to sample based upon the amount of 
ciliated cells collected by the cytology brush during sampling. If a sample did not have at 
least 500 clear evaluable cilium cross sections it was excluded from the analysis, but some 
samples only just made this limit. On average 872 cilia were examined per sample making 
this study one of the most detailed investigations into the prevalence of abnormal cilia in 
individuals with non-symptomatic airways. Figure 5.4 illustrates the relationship between 
the number of cilia evaluated and the resulting abnormality frequency. 
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It is clear that in smaller samples that the resulting abnormality frequency possess greater 
variation than in samples where a large number of cilia were evaluated. When the data was 
normalised and subjected to a linear regression a significant relationship was found 
between increasing sample size and reducing ciliary abnormalities but only at the 90% 
confidence level (n = 55, r = - 0.23, p = 0.0883, Percent abnormal cilia = 2.20003-
0.000584026*Total cilia Evaluated). 
To further investigate this relationship the literature was searched to locate previously 
published studies that report the frequency of ultrastructural abnormalities in non-
symptomatic individuals (Table 5.3). Unfortunately most papers do not list the individual 
frequency for distinct abnormality types and a comparison could only be made with the 
total abnormality frequency. This is illustrated in the top graph of Figure 5.4. Although the 
data is too minimal to be reasonably subject to statistical analysis, the relationship does 
appear to follow the trend found in our own study, with larger sample sizes generally 
equating with smaller abnormality frequencies. This evidence and our own findings 
suggest that any future investigation of ciliary abnormalities should involve evaluating 
large numbers of cilia to ensure that the actual abnormality frequency is accurately 
reflected. 
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Chapter6 
Ciliary ultrastructure and coverage of bronchial respiratory 
epithelium in intensive care patients 
6.0 Abstract 
Impaired respiratory mucus transport IS common m patients undergoing prolonged 
mechanical ventilation. Ciliary coverage and ultrastructural integrity are key components 
of effective mucus clearance. A previous study has reported that within the first three days 
of mechanical ventilation, there is a significant increase in ciliary denudation, but no 
significant change in the prevalence of ciliary ultrastructural abnormalities (Konrad et al., 
1995). We have investigated whether more protracted ventilatory ·support of orally 
intubated intensive care patients is associated with changes in ciliary coverage and 
ultrastructure. Biopsy samples of bronchial respiratory epithelium were taken during 
routine bronchoscopy and a broncho-alveolar lavage specimen obtained for 
microbiological culture. Rigorously blinded samples were prepared for scanning (SEM) 
and transmission (TEM) electron microscopic examination. The mucosa of biopsies was 
imaged by SEM taking care to avoid areas of mechanical damage. Ciliary coverage was 
assessed by an in-house developed image analysis system. TEM was used to quantify the 
prevalence of ultrastructural ciliary abnormalities in at least .500 cilia per patient, taken 
from ten separate areas. The characteristics of the patient population studied were 39 male, 
24 female; age 56 (17-85) years; length of stay 8 (l-33) days; admission APACHE 11 score 
14 (2-27) (median (range)). A reduction in ciliary coverage ( <70%) and an increase in 
ciliary abnormalities (>5%) compared to normal values were found in 21/37 and 11/55 
patients respectively. There was a no clear significant relationship between the prevalence 
of ciliary abnormalities and the duration of patient care. A reduction in ciliary coverage 
was associated with bacteria being isolated from the patient's lavage fluid. 
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6.1 Introduction 
A mechanical ventilator is designed to augment or replace spontaneous respiration. It is 
used to aid recovery from an acute respiratory crisis or for long-term therapy for patients 
with chronic hypo-ventilation. For those patients for whom non-invasive ventilation is 
inappropriate, placement of an artificial airway is a necessary component for both short 
and long-term mechanical ventilation. For short-term use, a tracheal tube is preferred and 
was used for all patients in the present study. Mechanical ventilation facilitates alveolar 
ventilation and gas exchange. As in the present study, mechanical ventilation is usually 
provided in an intensive care unit (lCU) until the cause of respiratory crisis resolves or 
until death occurs, usually within several days. There are, however, a number of patients 
who require long term mechanical ventilation, often referred to as chronic ventilator 
assisted individuals (V Als). 
As the ventilator assumes the work of breathing, alterations occur in respiratory 
physiology, including changes m intra-thoracic pressure, ventilation distribution and 
cardiac output (Marini, 1998). Significant pulmonary risks are associated with VAis, 
including aspiration and retention of secretions. Retention of secretions can lead to mucus 
plugging, atelectasis and poor gas exchange, providing an ideal medium for colonisation 
by aspirated bacteria. The mucociliary apparatus is the key mechanism for the clearance of 
airway secretions, especially in V A Is, who lack the back-up secretion clearance 
mechanism, normally provided by the cough reflex. Effective cough requires inspirations 
sufficient to expand the airways and allow airflow to reach distal secretions. This is 
followed by glottis closure and contraction of expiratory muscles, to increase intra-thoracic 
pressure, and sudden opening of the glottis to create a high airflow rate. 
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As the tracheal tube bypasses the glottis, intra-thoracic pressure cannot be increased, and a 
cough capable of a forceful expulsion of air and secretions never occurs. Additionally, the 
reduced diameter and increased rigidity of an artificial airway may increase airway 
resistance and contribute to restrictive lung disease. Restrictive lung disease, when 
combined with increased airway resistance and ineffective cough, may cause retrograde 
movement of secretions to the lung periphery or aspiration to the contra-lateral lung 
(Dulfano and Adler, 1975; Loudon and Shaw, 1967). The placement of a tracheal tube can 
also cause traumatic injuries to the airway mucosa and long-term physiological responses 
to a foreign irritant (Staffer, 1999). High cuff pressures may induce mucosal ischaemia and 
pressure necrosis of tracheal tissue. Even a low cuff pressure of only 20 centimeters of 
water for just four hours causes severe ciliary damage and denudation, correlated with a 
reduction in mucociliary clearance (Sanada et al., 1982). Mucociliary clearance, distal to 
the cuff, is depressed within one hour of tracheal tube placement, regardless of whether a 
high or low compliance cuff is used. Cuff inflation seems to be the critical factor, as 
clearance is not affected by tracheal placement alone, as long as the cuff is not inflated 
(Wanner et al., 1996). 
These various factors contribute to the increased significance of the mucociliary apparatus 
in protecting intensive care patients' lungs from the build up of excess secretions. 
Secretions retained in the lower airways provide an ideal environment for colonising 
organisms. Aspirated bacteria can proliferate in the lower airways, stimulating a host 
inflammatory response. If the rate of bacterial proliferation exceeds the rate of host 
inflammatory clearance, the inflammatory response can spread to the contiguous bronchial 
wall, leading to bronchitis, which may proceed to involve the alveoli and other interstitial 
tissues, leading to bronchopneumonia (Estes and Meduri, 1995). 
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Pneumonia is the second most common hospital-acquired infection, afflicting 0.5-1% of all 
hospital admissions and l0-20% of ICU admissions (Morehead and Pinto, 2000). Between 
l0-.50% of tracheally intubated patients will develop pneumonia, typically at a rate of 1-3% 
per day of intubation (Cook, 2000). Other risk factors include neurological disease, 
und.erlying lung disease, use of paralysing agents, the supine position, nasal tubes, re-
intubation, and frequent ventilator tubing changes. Pneumonia is the most commonly fatal 
hospital-acquired infection, contributing to 15% of all hospital deaths; one-third to one-half 
of these deaths would not have occurred without a pneumonia( infection, providing an 
attributable mortality of 30-.50% (Cook, 2000). The distribution of organisms causing 
pneumonia in VAls varies from one hospital to another, but gram negative bacilli and 
Staphylococcus aureus are usually the predominant pathogens. Pneumonia developing in 
the first few days of hospitalisation may be caused by community pathogens such as 
Streptococcus pneumoniae, Haemophilus influenzae, or oral anaerobes. Antibiotic-resistant 
gram negative bacilli are usually associated with pneumonia that develops after several 
days of ICU care and in patients who have received broad-spectrum antibiotics. Poly-
microbial infections are common, and no microbial agent can be identified in about half of 
all cases (Levine and Niederman, 1991 ). 
The substantial clinical and financial impact of ventilator associated pneumonia makes the 
understanding of the mechanisms behind reduced mucus clearance an important topic for 
those involved in the care of critically ill patients. Only Konrad et al. (1995) have studied 
mucociliary ultrastructure and integrity in intubated patients. Konrad et al. (1995) 
measured the bronchial mucus transport velocity (BTV) of the right and left bronchi of 29 
orally intubated patients in a surgical ICU followed by bronchial biopsy collection for 
scanning (SEM) and transmission (TEM) electron-microscopic investigation. 
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They found a significant association between depressed BTV and a reduction in the 
bronchial ciliary coverage (n = 27, r = 0.46, p = 0.02) but no significant increase in ciliary 
ultrastructural abnormalities. Unfortunately the study by Konrad only considered patients 
within the first three days of mechanical ventilation. This may not be sufficient time for 
secondary, ciliary ultrastructural abnormalities to form. These types of secondary acquired 
abnormalities have been found in numerous acquired diseases of the respiratory tract 
(Carson et al., 1985; Fox et al., 1981; Lungarella et al., 1983; Wilson et al., 1987) and it is 
assumed that these alterations can in turn lead to deterioration in efficient ciliary cleansing. 
lt is clear, therefore, that it would be of interest to establish whether secondary 
ultrastructural abnormalities might form m ICU patients to clinically relevant levels 
beyond three days of care. Additionally, it would be of interest to assess whether the 
reduction in ciliary coverage found by Konrad in first three days of care continues in 
longer stay ICU patients. Consequently, this study investigated ciliary coverage and the 
prevalence of ciliary ultrastructural abnormalities in mechanically ventilated critical care 
patients over an extended period of admission ( 1-26 days). 
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6.2 Materials and Methods 
6.2.1 Subject Recruitment 
Informed assent was obtained from the relatives of patients who were admitted to the ICU 
of Derriford Hospital, Plymouth, UK. The exclusion criteria excluded patients with known 
primary ciliary dyskinesia. The Plymouth Local Research Committee, South & West 
Devon Health Authority approved the study protocol. 
6.2.2 Specimen acquisition 
Two to three biopsies were taken when a fibre-optic bronchoscopy was being conducted 
for therapeutic need, from the first division of the right bronchi using small forceps 
(Olympus, USA) and placed in buffered 2.5% glutaraldehyde for primary fixation. Care 
was taken by the doctor conducting the bronchoscopy to select areas of bronchial 
epithelium that were macroscopically normal and not near locations which had obvious 
mechanical damage or lesions. Clinical staff at Derriford Hospital blinded the samples, 
before being transferred to the Electron Microscopy Unit for sample preparation and 
analysis. The biopsies were separated from their associated fragments and dehydrated in an 
ethanol series for scanning electron microscopy (SEM) before being dried through liquid 
carbon dioxide by critical point drying. The dried specimens were mounted on aluminium 
stubs, with special care taken to orientate samples mucosa side upwards and then coated in 
gold. The biopsies were examined under a Jeol 6100 (U.K.) SEM operated at 20kV 
accelerating voltage. For transmission electron microscopy (TEM) the biopsy associated 
fragments were post-fixed in 2% osmium tetroxide, dehydrated in an ethanol series, 
infiltrated and embedded in epoxy resin. The embedded tissue was sectioned using a 
Reichert ultracut microtome to produce semi-thin sections("" 0.5~-tm), which were stained 
with methylene blue and examined under light microscopy. Areas were selected with well 
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preserved epithelial structures free from biopsy related artefacts and with a satisfactory 
presence of cilia. 
Ultra-thin sections ("" 0.1 [liD), were collected from five different areas in each block, at 
least 10 Jtm apart, to make sure that no ciliated areas were assessed twice and collected on 
thin-bar, copper, mesh grids. Grids were stained in 2% urany1 acetate and 1% lead citrate 
before being examined in a 1200EX2 Joel (U.K.) TEM operated at 80kV. For a detailed 
description of sample preparation see section 3.3. In 18 patients the samples were only 
prepared for TEM as the samples were too small to provide sufficient mucosa for SEM 
analysis. 
6.2.3 Scanning electron microscopy 
An area covered with bronchial epithelium was first located at low magnification (300x) 
and assessed for the presence of biopsy related damage, such as cracking or ciliary 
flattening, to exclude from evaluation. The area was then imaged at the lowest possible 
magnification so that the mucosal surface just filled the display screen. The images were 
digitally captured (Semafore, JEOL, UK) and transferred to a standard computer. The 
images were analysed using a method previously outlined by the authors (Kay et al., 
2002), and described in detail in section 3.2.1. Briefly, a standard graphics software 
package(Adobe PhotoShop v.5.0, Adobe Systems, San Jose, CA, USA) was adapted, 
utilising a series of in-built filters and automated actions, to distinguish between ciliated 
areas and the background mucosa. This produced a binary image and through the use of a 
histogram option, which provided a count of black and white pixels, percentage ciliary 
cover was calculated. 
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6.2.4 Transmission electron microscopy 
Two separate areas, containing at least 50 clear cilia axonemes, from each of the five ultra-
thin sections were examined per sample. The cilia were systematically counted and 
evaluated with the abnormalities being classified into eight different groups, as described 
in the methods chapter. 
6.2.5 Statistical Analysis 
A General Linear Model (GLM) was used to study the continuous dependent variables 
(coverage and ultrastructural abnormality frequency) and several independent continuous 
(days ventilated, age, Pa02 and FP2) and categorical variables (smoking history, 
microbiological and initial diagnosis). The GLM tests the relationship between the 
dependent variable and the independent variables and expresses this relationship as an 
equation that contains a term for the weighted sum of the values of the independent 
variables, plus a term for everything that is unknown (an error term). The least-squares 
criteria determine the weight for each independent variable. A value of p < 0.05 was 
considered to indicate statistical significance. 
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6.3 Results 
6.3.1 Subject Demography and Clinical Characteristics 
A total of 63 orally intubated and mechanically ventilated patients were biopsied as part of 
a convenience sample trial between May 2000 and August 2002. The patient's smoking 
status and sex are provided in Table 6.1. 
Male Female Total 
Smoker 19 9 28 
Ex-Smoker 3 1 4 
Non-Smoker 13 12 25 
Unknown Status 3 3 6 
Total 38 25 63 
Table 6.1 Patient smoking status and sex 
Each patient was investigated only once. There was no significant difference in the age of 
male and female subjects (55.3 ± 19.4 yrs and 57.8 ± 18.1 yrs, respectively; p = 0.61, 
ANOVA). A summary of patient details is provided in Table 6.2. 
Age Duration of stay APACHE 11 score 
(years) (days) 
mean 56.2 7.9 13.6 
standard deviation 18.8 7.5 7 .5 
median 62 5 15 
range 17-85 1 - 33 2-27 
Table 6.2 Summary of patient details 
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6.3.2 Abnormality Analysis 
A total of 55 samples had adequate ciliary coverage for assessment of microtubular ultra-
structure, and a mean of 925.1 ± 295.6 (range 514 to 1968) ciliary cross-sections were 
examined for each patient in the cohort. The proportion of ciliary cross-sections exhibiting 
microtubular abnormalities was 2.9% (± 2.0%) and not significantly different between the 
two sexes (male patients: 2.5 ± 1.9%; and female patients: 3.5 ± 2.1 %; n = 55, p = 0.1, 
ANOV A). There was no significant relationship between the prevalence of ciliary 
ultrastructural abnormalities and patients smoking status (Smoker), Fi02 , Pa02 , presence of 
an infectious organism isolated from the lavage fluid (Microcat) or the period of time the 
patient spent mechanically ventilated in ICU (Table 6.3). An increase in ciliary 
abnormalities (>5%) compared to normal values were found in 11 subjects. 
General Linear Model: Analysis of Variance for Ciliary Ultrastructural 
Abnormalities 
Source Sum of DF Mean F-Ratio P-Value 
Squares Square 
Model 37.99 11 3.45363 0.83 0.6152 
Residual 125.301 30 
Total (Corr.) 163.291 41 
Type Ill Sums of Squares for Ciliary Ultrastructural Abnormalities 
Source Sum of DF Mean F-Ratio P-Value 
S~uares Sg.uare 
Microcat 21.80 5 4.36 1.04 0.41 
Smoker 8.77 2 4.38 1.05 0.36 
Fi02 0.08 1 0.08 0.02 0.89 
Pa02 0.60 0.60 0.14 0.71 
DaysVenlilated 3. 10 1 3.10 0.74 0.40 
Residual 125.30 30 4.18 
Total 163.29 41 
(corrected) 
Table 6.3 Summary or the results or fitting a general linear statis tical model relating 
the frequency o f ciliary ultrastructural abnormalities to fi ve predictive factors (second section-
source). DF =degrees of freedom. 
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The frequency of the different types of abnormality encountered is outlined in Table 2. 
Several samples (n = 12) were found to have a large number of cilia missing both central 
tubules, this type of abnormality was recorded but excluded from analysis. The most 
prevalent abnormality was cilia with a disarranged axoneme, followed by compound cilia. 
mtrastroctural abnormalities of cilia (%) 
Mean 0.3 0.4 0.0 0.0 0.9 1.0 1.4 0.1 
Standard 
Deviation 0.8 1 .0 0.1 0.1 1.1 0.8 1 .4 0.2 
Range O.Q-5.4 0.0 -6.4 0.0 -0.3 0.0 -0.4 O.Q-4.9 0.0-3.0 0 .0-5.9 0.0-1 .2 
Table 6.4 The prevalence of the eight different types of ciliary ultrastructural abnormality. A) expanded 
membrane, B) missing and C) extra central microtubule, D) missing membrane, E) compound, F) missing 
peripheral doublet, G) disarranged axoneme and H) extra peripheral doubleL 
When the different types of ultrastructural ciliary abnormality were considered 
individually, except for compound cilia, there was no significant relationship between the 
individual abnormality types and any of the factors measured. As illustrated in Figure 6.1 
compound cilia frequency appeared to decline with the period of patient ventilation and the 
partial pressure of oxygen in the patient's blood (Pa02). 
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General Linear Model: Analysis of Variance for Compound Cilia 
Source Sum of DF Mean F-Ratio P-Value 
S~uares S~uare 
Model 24.59 9 2.73 2.72 0.0173 
Residual 33.20 33 1.01 
Total (Corr.) 57.79 42 
Type Ill Sums of Squares for Compound Cilia 
Source Sum of DF Mean F-Ratio P-Value 
S~uares S~uare 
Microcat 9.16 5 1.83 1.82 0.14 
Smoker 1.81 1 1.82 1.81 0.19 
Fi02 1.01 1 1.01 1.00 0.32 
Days Ventilated 18.15 1 18.15 18.04 0.0002 
Pa02 6.05 1 6 .05 6 .02 0.0196 
Residual 33.20 33 1.01 
Total 57.79 42 
(corrected) 
Table 6.5 Summary of the results of fitting a general linear statistical model relating 
the frequency of compound cilia to fi ve predictive factors (listed under source). OF = degrees 
of freedom. 
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Figure 6.2 Scallerplol showing the relationship between the frequency of 
ciliary abnormalities found in a sample and the number of cilia examined. 
No significant relationship was found between the number of c il ia examined per sample 
and the resulting frequency of ciliary ultrastructural abnormalities (Fi gure 6 .2), when 
tested with the general linear model (n = 55, p = 0.89). 
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6.3.3 Ciliary coverage 
The cilia of the bronchial epithelium were examined in 37 patients whose biopsies 
possessed an adequate mucosal area free from biopsy related artefacts. A reduction in 
ciliary coverage (<70%) compared to normal values was found in 21 patients. There was 
n·o significant relationship between ciliary coverage and the patients' F;02 , Pa02 or 
smoking status when tested as part of a general linear model. There was a significant 
difference in ciliary coverage (Figure 6.3) between patients with a bacterial respiratory 
infection (gram negative and positive) and those from whom no infectious organism were 
isolated (n = 37, p = 0.02, Table 6.5). 
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Figure 6.3 Scalterplol showing the relationship between the ciliary 
coverage and the duartion of mechanical ventilation and a box and whisker 
plot di splaying the resul ts of ciliary coverage of patients with di fferent 
infectious organisms isolated from their bronchial lavage nuid. 
1.54 
There was also a significant negative relationship between ciliary coverage and period of 
patient mechanical ventilation at the 90% confidence level (n = 37, p = 0.088, Table 6.5). 
General Linear Model: Analysis of Variance for Ciliary Coverage 
Source Sum of DF Mean F-Ratio P-Value 
S2,uares Square 
Model 18434.8 9 2048.31 3.79 0.0207 
Residual 5945.8 11 540.53 
Total (Corr.) 24380.6 20 
Type Ill Sums of Squares for Ciliary Coverage 
Source Sum of DF Mean F-Ratio P-Value 
Squares Square 
Microcat 12716.1 5 2543.23 4.71 0.0153 
Smoker 149.5 149.5 0.28 0.61 
Fi02 402.0 I 402.0 0.74 0.41 
Days Ventilated 1882.5 1 1882.5 3.48 0.088 
Pa02 476.5 476.5 0.88 0.37 
Residual 5945.8 11 540.5 
Total 24380.6 20 
( co rrec led) 
Table 6.6 Summary of the resul!S of fitting a general linear statistical model relating 
ciliary coverage to six predictive factors (second section-source). DF =degrees or freedom. 
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Plate 8. 
Figure A. Transmission electron micrograph of a type-2 compound cilium with two 
complete microtubular axonemes within one enlarged membrane. 
Patient Details 
Sex 
Age 
Days Ventilated 
F;02 
Pa02 
Organism Isolated 
Smoking Status 
Male 
23 
26 
0.6 
11 
Gram Positive Bacteria 
Yes 
Figure B. Transmission electron micrograph of a type-1 compound cilium with 
six complete microtubular axonemes with one membrane. Cilia with normal 
ultrastructure can be seen surrounding the compound cilium. 
Patient Details 
Sex 
Age 
Days Ventilated 
F;02 
Pa02 
Organism Isolated 
Smoking Status 
Male 
42 
8 
0.6 
11.5 
Gram Positive Bacteria 
Yes 
1.56 

Plate 9. 
Figure A. Transmission electron micrograph of a transverse cross-section of a cilium 
missing two pairs of outer double microtubules (Mp). 
Patient Details 
Sex 
Age 
Days Ventilated 
F,02 
Pa02 
Organism Isolated 
Smoking Status 
Male 
59 
3 
0.6 
10.5 
None 
Yes 
Figure B. Transmission electron micrograph of a transverse cross-section of a 
cilium missing both central microtubules (Me). 
Patient Details 
Sex 
Age 
Days Ventilated 
FPz 
Pa02 
Organism Isolated 
Smoking Status 
Female 
78 
19 
0.4 
11 
Gram Negative Bacteria 
No 
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Plate 10. 
Figure A. Transmission electron micrograph of a transverse cross-section of a 
transverse cross-section of a cilium possessing an extra peripheral microtubule doublet 
(Ep). 
Patient Details 
Sex 
Age 
Days Ventilated 
FPz 
Pa02 
Organism Isolated 
Smoking Status 
Female 
41 
8 
0.35 
15.46 
Gram Negative Bacteria 
No 
Figure B. Transmission electron micrograph of a transverse cross-section of a 
transverse cross-section of a cilium possessing an extra central microtubule (Ec). 
Patient Details 
Sex 
Age 
Days Ventilated 
FPz 
Pa02 
Organism Isolated 
Smoking Status 
Female 
76 
15 
0.5 
11.8 
Gram Positive Bacteria 
No 
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Plate ll. 
Figure A. Transmission electron micrograph of a transverse cross-section of a cilium 
with an expanded membrane and di"sarran_ged axoneme. 
Patient Details 
Sex 
Age 
Days Ventilated 
FPz 
Pa02 
Organism-Isolated 
Smoking Status 
Female 
73 
14 
·0.7 
9 
None 
No 
Figure B. Transmission electron micrograph of a transverse cross-section of two 
compound cilia with expanded membranes and disarranged axonemes. 
Patient Details 
Sex 
Age 
Days Ventilated 
F;02 
Pa02 
Organism Isolated 
Smoking Status . 
Female 
73 
14 
0.7 
9 
None 
No 
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Plate 12. 
Figure A. Transmission electron micrograph of a transverse cross-section of a cilium 
lacking a celi membrane (Mm). 
Patient Details 
Sex 
Age 
Days Ventilated 
FPz 
Pa02 
Organism-Isolated 
Smoking Status 
Male 
78 
4 
0:5 
8.95 
None 
Unknown 
Figure B. Transmission electron micrograph of a transverse cross-section of a 
cilium with a ruptured, cyst like membrane (Rm). 
Patient Details 
Sex 
Age 
Days Ventilated 
Fp, 
Pa02 
Organism Isolated 
Smoking Status 
Male 
26 
8 
0.7 
11.1 
Gram negative bacteria 
Yes 
160 

Plate 13. 
Figure A Scanning electron micrograph of the void left by the sloughing 
of a ciliated epithelial cell 
Patient Details 
Sex 
Age 
Days Ventilated 
FPz 
Pa02 
Organism Isolated 
Smoking Status 
Male 
55 
3 
0.3 
10.1 
Gram negative bacteria 
Yes 
Figure B Scanning electron micrograph of a human bronchial ciliated cell attached to 
the respiratory mucosa 
Patient Details 
Sex 
Age 
Days Ventilated 
F;Oz 
Pa02 
Organism Isolated 
Smoking Status 
Male 
55 
3 
0.3 
10.1 
Gram negative bacteria 
Yes 
161 

6.4 Discussion 
In the present study, the ciliary ultrastructure and coverage of the bronchial respiratory 
epithelium of mechanically ventilated ICU patients was investigated. The factors that were 
analysed as part of this study were the patients' length of mechanical ventilation, average 
fraction of inspired oxygen (F;02) up to the point of biopsy, partial pressure of arterial 
oxygen (Pa02) at the point of biopsy, smoking status, and the presence of gram 
negative/positive bacteria, or fungal spores, which were isolated from the patients 
bronchial lavage fluid. All of these variables could interact and as such, a general linear 
model (GLM) was used to assess the relationship between ciliary coverage and 
abnormalities and these various factors. Using the GLM a moderate negative association 
between the length of patient ventilation and bronchial ciliary coverage was observed. 
Bacterial respiratory infections appeared to be a significant factor for ciliary coverage. No 
significant relationship was found between the period of mechanical ventilation and the 
frequency of abnormal cilia with axonemal or membrane changes. A significant negative 
relationship was found between increasing duration of mechanical ventilation and patient 
Pa02 with a reducing frequency of compound cilia. 
The initial aim of the study was to repeat biopsy patients who presented to the lCU with 
healthy airways (e.g. head trauma). Multiple biopsies could then be collected from the 
patient to assess how the mucociliary apparatus responded to mechanical ventilation. Any 
reduction in ciliary coverage could then be quantitatively assessed to see if the ciliary 
denudation of the trachea reported by Konrad et al. (1995) continued in mechanically 
ventilated patients over longer periods of care. When considering the findings of Konrad's 
research, it is important to consider that the cell turnover of the bronchial respiratory 
epithelium is slower than the trachea and nasal cavity (Carson et al., 1981; Wanner el al., 
1996). 
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The shedding and re-generation of ciliated cells can take several days (Wanner et al., 1996) 
and therefore, the damaging effects of ciliary denudation in the bronchi may be more acute 
than in the upper airways. The variation in cell turnover rate may be attributable to the 
degree of negative influences that the different epithelia normally encounter. The trachea 
and nasal cavity are in constant contact with a range of inhaled particles and pathogens as 
well as being affected by regular changes in temperature and humidity (Wanner et al., 
1996). They therefore require a faster cell turnover to be able to replace cells that become 
damaged or infected. As lhe bronchial epithelium is protected from most external 
influences by the filtering, warming and humidifying effects of the upper airways 
(Roessler et al., 1988), it requires a less rapid cell turnover (Wanner et al., 1996). This is 
likely to cause the bronchial epithelium to be more susceptible to the effects of intubation 
and mechanical ventilation, as the protection provided by the upper airways is bypassed. 
Unfortunately, due to the nature of the ICU unit and the ethical requirement that 
bronchoscopy be performed based on therapeutic need and not study requirements, 
collecting repeat biopsies was not possible. Additionally, a lack of trained staff in biopsy 
collection and the tinting of bronchoscopies meant that several opportunities to collect 
biopsies were missed. Despite these limitations this study represents the first assessment of 
ciliary coverage and ciliary ultrastructural abnormalities in mechanically ventilated 
critically ill patients beyond three days of care and provides an insight into the overall 
mucociliary health of long stay lCU patients. It has also highlighted some interesting 
findings that may warrant further investigation. 
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The present study found a reduction in ciliary coverage associated with the length of 
mechanically ventilated ICU care. This is in agreement with the findings of Konrad et al. 
(1995) who reported a reduction in tracheal ciliary coverage of mechanically ventilated 
patients in the first three days of care. It is interesting to note, however, that even after 10 
days of critical care, five patients still possessed good ciliary coverage (> 75%) (Figure 
6.3). The characteristics of the five patients are detailed below (Table 6.4). 
Patient 1 2 3 4 5 
Ciliary 97% 90% 90% 88% 75% Coverage 
Days lO 14 13 15 33 
ventilated 
Sex Male Male Male Female Female 
Age 84 73 23 62 82 
Initial Heart Surgery Surgery Brain Injury Abdominal Surgery 
Diagnosis (Other) Sepsis (Other) 
Micro- Gram Positive Nil Growth Gram Positive Gram Positive Nil Growth 
organisms Bacteria Bacteria Bacteria 
Isolated 
FIOZ 0.6 0.7 0.65 0.66 035 
PaO, 11.33 9 NIA NIA 10.7 
Smoker Yes No Yes Yes Yes 
APACHE 11 18 15 9 23 6 
Table 6.7 Summary of charactcristics for those patients possessing over 75% ciliary coverage 
after 10 days or more of mechanical ventilation. 
Unfortunately all of the patients appear to possess greatly different attributes with no one 
clear single characteristic singling them out from the other ICU patients. It is encouraging, 
however, that patient five had 75% ciliary coverage after 33 days of ICU care and this may 
be evidence that mechanical ventilation and general anaesthesia by themselves do not 
necessarily adversely affect the structural integrity of the respiratory mucosa. 
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In past studies some reduction in bronchial MCC has been attributed to tracheobronchial 
toilet and tracheal tube movement causing mechanical damage to the bronchial mucosa 
(Amikam et al., 1972; Landa et al., 1980a; Landa et al., l980b). Therefore, in this study 
care was taken to collect biopsies from a part of the bronchial tree that hac\ not previously 
come into contact with the bronchoscope, to select macroscopically normal areas and to 
exclude any patients with obvious surface lesions. In addition, optimal humidification of 
the inspired gases was ensured at all times, since under-humidification in ventilated 
patients has been shown to cause gross morphological damage to the upper airways (Tsuda 
et al., 1977). 
There are many examples recorded in the literature of bacterial and viral infections causing 
ciliary denudation (Pavia, 1987; Sisson et al., 1994; Wilson et al., 1987). This study 
supports such a relationship (Figure 6.3, Table 6.3) with the GLM finding of a statistically 
significant relationship between reduced ciliary coverage and bacteria being isolated from 
the bronchial lavage nuid (n = 37, p= 0.0153). This suggests that bacterial infection may be 
a contributing factor in causing mucociliary damage in ICU patients. Potentially this could 
lead to a negative cycle where bacteria infect the mucosa and cause ciliary denudation, 
making it easier for more bacteria to attach and colonise the mucosa. 
It has been shown by Tamalet et al. (2001) and Carson et al. (1985) that patients with 
upper respiratory tract infections have a higher prevalence of acquired ciliary defects. No 
such relationship was found in the current study and the prevalence of the abnormalities 
was always below eight percent, with the majority of samples having frequencies well 
within what in considered a normal range(< 5%) (Rossman et al., 1984, Fox et at, 1983, 
Torkkeli et al., 1997). Some reports have even suggested that ciliary abnormalities can be 
up to 10% in healthy individuals (de longhand Rutland, 1995). 
165 
This makes the level of ciliary abnormalities found in this study likely to be of little 
clinical significance as healthy patients have been found to possess greater frequencies of 
abnormalities without displaying any symptoms. The general linear model was used to 
check that the number of cilia being studied did not adv.ersely effect the abnormality 
frequency recorded (n =55, p = 0.89), as was seen in the ageing study. The reason why the 
relationship did not hold true for this study is uncertain, but it may be due to the type of 
samples collected. The ageing study (Chapter 5) utilised tracheal brushing Lo collect 
samples, with the brush likely to pick up any dead cells that have been shed from the 
mucosal surface. 
If a cell is shed from the mucosa it is possible that it was subject to more negative 
influences (e.g. infection, physical damage, cytotoxic effects from inhaled particles) than 
the cells that remain, as well as the possible effects of autolysis. If brushing, in comparison 
to biopsy, collected a larger proportion of these cells then this should increase the amount 
of recorded abnormalities for those samples and also increase the likelihood of over 
estimating abnormality prevalence if an adequate sample sizes is not employed. The 
average mean frequency of abnormalities for the ageing study was 3.2% (± 1.8) and for the 
ICU study 2.9% (± 2.0) (range) which would support such a sampling technique effect. It 
is of interest that even critically ill patients, with a wide range of different conditions, 
infections and treatments, still have a relatively low frequency of ciliary abnormalities, 
which is in line with frequencies found in healthy, non-symptomatic individuals. This may 
suggest that there may always be a background level of ciliary abnormalities that is 
relatively stable and not greatly affected by different infections or external influences 
(Torkkeli et al., 1997). 
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When the prevalence. of the ciliary ultrastructural abnormalities were assessed, two types of 
abnormality that are normally considered were excluded from analysis for this study. 
These were compound cilia (Plate 8) and cilia which lacked both central microtubules 
(Plate 98). There is evidence that cilia lacking central pairs might be an artefact of 
autolysis, usually post cell detachment from t_he mucosal surface (Fox et al., 1983). This is 
supported by the fact that this abnormality occurs in large numbers in isolated clusters, 
usually confined to single cells, which are separated from the rest of the mucosa (Carson et 
al., 1985). As discussed these cells could potentially contaminate biopsies collected for 
analysis (Plate 13) and therefore, to avoid large numbers of cilia with missing central 
tubules being inaccurately recorded this abnormality was excluded from analysis. 
There is evidence that compound cilia might not be a true secondary ciliary abnormality, as 
its occurrence is frequently not linked to respiratory infection (Afzelius, 1981) or disease 
(Torkkeli et al., 1997) when other types of abnormalities have been. As illustrated in 
Figure 6.1, this study found a negative relationship using the GLM between the prevalence 
of compound cilia and the length of patient ventilation (n = 55, p = 0.0002) and patient 
Pa02 (n =55, p = 0.0196). Why the frequency of compound cilia should decrease with the 
duration of care or increasing Pa02 is not clear. It may be an artefact of the analysis and 
disappear if the study had a larger sample size or it may be that compound cilia do have a 
functional role in airway defence and are being damaged or suppressed by some aspect of 
mechanical ventilation. Either way, a future study with more stringent inclusion/exclusion 
criteria would clarify this phenomenon and the other findings detailed within this chapter. 
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Chapter 7: Conclusions 
7.1 Conclusions 
The nature and importance of the mucociliary apparatus is now well established and is 
increasingly being recognised as a key factor in protecting the airways of mechanically 
ventilated patients from the build up of secretions and respiratory infection. The advent of 
electron microscopy has enabled the structure of cilia to be defined in a way that had not 
previously been possible and allowed researchers the opportunity to accurately investigate 
these important structures. 
This thesis posed a number of aims and hypotheses within Chapter 2. The degree to which 
these have been addressed, the limitations of the research and the potential future direction 
of work are addressed individually below: 
• To establish a reproducible whole organ culture technique that allows the cilia-
air interface to be maintained and provide long tenn ciliogenesis 
A whole organ culture technique was established and did provide continued ciliogenesis 
under atmospheric conditions for up to twelve days in culture. The model did suffer from 
natural variation in ciliary coverage, especially with higher ciliation over the cartilage 
rings, but this is standard for tissue's which possess different cell types and complex 
morphology. Changing the type of medium employed and the use of mono-layer cultures 
would ensure more reliable ciliary coverage and could be used over longer periods of time 
but at the expense of the loss of the natural cellular arrangement 
• To develop a method of quantitatively measuring ciliary coverage without the use of 
observer estimation. 
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This aim was achieved with considerable success. The ability of the PhotoShop based 
system to quantitatively measure ciliary coverage, without employing expensive and 
complex image analysis equipment represents a significant advance on methods utilised in 
the primary literature. 
Hypotheses: 
1. Culturing rat trachea in increasingly elevated FP2 concentrations results m a 
proportional decrease in the ciliary coverage of the epithelial surface. 
Both the culturing model and the image analysis technique proved to be adequate and were 
able to demonstrate a negative effect of elevated FP2 on the ciliary coverage of cultured 
rat trachea. The experimental design could have been further improved by addition of a 
culturing run utilising 10% oxygen to see if the negative impact of atmospheric oxygen 
were further reduced in a hypoxic environment. Additionally cultures could be investigated 
to see if they could become resistant to the effects of elevated FP2 by pre-exposure of the 
cultures, or animals, to elevated, non-lethal concentrations of oxygen. If a stable monolayer 
culture were established that maintained cell ciliation for extensive periods of time, the 
ability of the cells to reverse the oxidative damage could be investigated in conjunction 
with biochemical investigations of the cells ability to produce antioxidant defences. This 
approach could be used to determine if the cells were dying via apoptosis or necrosis. 
Apoptotic cells are usually characterised by cell shrinkage and chromosome condensation 
together with inter-nucleosomal cleavage of DNA (Bortner and Rosenberg, 1995). A future 
research project could measure these factors using TEM. 
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Hypothesis: 
3. The duration of mechanical ventilatory support in critical care patients is associated 
with increasing secondary ciliary abnormalities and reduced ciliary coverage . 
. This study represented the first investigation into the mucociliary integrity of mechanically 
ventilated individuals. It generated several interesting findings and its results suggest that 
by itself, mechanical ventilation does not necessarily cause ciliary denudation of the 
bronchus. More importantly the study highlights the need for more restrictive 
inclusion/exclusion criteria in any future research. The highly heterogenous population led 
to an inability to safely draw conclusions from the resulting data and future research needs 
to carefully control the patients included in any future study. The ideal study design 
should consider only including patients who are admitted to the ICU with head injuries and 
are free of respiratory complications. Repeat biopsies could then be collected from the 
individual over their period of admission to ascertain any level of deterioration in ciliary 
coverage and mucosal integrity without the addition of complicating factors. 
• To assess the presence of secondary ciliary ultrastructural abnormalities in the tracheal 
cilia of non-symptomatic patients. 
A significant number of samples were collected from non-symptomatic patients, which 
combined with a robust approach to ultrastructural abnormality assessment, has provided a 
good baseline study of the presence of ciliary abnormalities in healthy individuals. The 
results of this study can be utilised for comparison in future research. 
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Hypotheses: 
2. The frequency of secondary ciliary abnormailties m the trachea of non-
symptomatic patients is linked with increasing patient age. 
This study endeavoured to ascertain whether increasing patient age was associated with an 
elevated presence of secondary ciliary abnormalities. The samples were collected initially 
as part of a study into the effects of smoking, with additional specimens taken from 
individuals undergoing elective surgery. Due to the limitations of being only able to collect 
samples from surgery lists, the study suffered from a lack of samples from elderly 
individuals and was unable to study a relevant patient population. It did, however, 
highlight the need to evaluate sufficient numbers of ciliary cross sections when assessing 
ciliary ultrastructural abnormalities. This suggests that any future study needs to assess a 
minimum of 700 cross sections per sample, from at least ten separate locations, in order to 
accurately reflect the situation in vivo. 
The research work described in this thesis has employed electron microscopy techniques to 
investigate several factors related to the effective functioning of the mucociliary apparatus 
in intensive care patients. This thesis has contributed to the field of mucociliary research 
by providing, for the first time, a quantitative method for measuring ciliary coverage 
without the need for an expensive and complicated image analysis system. This system has 
been used for the first time to quantitatively assess the effects of elevated F;02 on ciliary 
coverage of cultured rat trachea showing a concentration-based reduction. It has also been 
used in conjunction with TEM analysis of ciliary ultrastructure to assess the bronchial 
ciliary integrity of mechanically ventilated long stay ICU patients, providing the first 
insight into the mucociliary status of this group. 
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Nerve stimulator current and regional nerve 
block efticacy 
S. J, Gold* aod D. J. R. Outbie 
Uniw.nily IHP4rflftml of Anoeulusio, Gleltfo'ld Hospb4J. u icesur, UK 
A nerve stimulatoc and insulated needle may assist identification 
of peripheral nerves. Clinically, failwe to elicit patella and foot 
movement is often associalcd with inadequate analgesia with 
femoral and sciatic blocks respectively. lnSirUCtions for the 
Stimuplex-Dig (B. Braun. Melsungen) advise moving the 
stimulating needle until muscle contcactions are stiU visible when 
current is reduced 10 0.2 mA. 1 Clinical studies accept higher 
currents. 2 3 We have compared the minimum stimulating cum:nt 
eliciting contractions during regional blocks with pain scores and 
patient controUed analgem (PCA) morphine consumption i.v. 
Patients were anaestbetiud for knee arthroplasty. Femoral3·in· 
1 and sciatic nerves were blocked using plain 0.375~ bupivacaine 
20 ml each nerve, throu&h 50 and !50 mm short beveUed 
Stimuplex insulated needles. Nerves were initially identified with 
currents of 5 mA. Stimulating currents were then decreased to the 
lowest cum:nt which elicited visible movement. This cum:nt was 
recorded. Patients received alfentanil i.v. intraoperatively and 
enteral paracetamol and diclofenac after surgery. Patients also had 
access to PCA morpbioc I mg i.v. with a lockout of 5 min for at 
least 24 b. All procedures were performed in the presence of SJO. 
Pain scores on a 4 point scale were recorded by recovery staff (O-
no pain, 1-mild, 2-moderalc, 3-severe). Patients gave an assess-
ment of pain in the 24 h after surgery u5ing the same scale. 
Patient& and recovery staff were blind to minimum stimulating 
cum:nL Morphine PCA consumption was recorded two hourly. 
Forty-eight patients were studied: 23 were male. Patients were 
aged 67 (29-89) yr. with weight 75 (13) kg and height 169 (9) cm 
(mean (so)). Minimum cum:nt for the femoral nerve was 0.6 (0.7) 
mA. sciatic nerve 0.8 (0.9) mA. and both nerves 1.0 (1.5) mA. 
PCA morphine delivered wu 26 (17) mg. Pain scores in the 
recovery room were 0.5 (0-2) at re5t, and I (0-3) on movement 
(median (IQ range)). Patients' perception of pain over 24 h after 
surgery was I (0.75-2). A power calculation indicated 21 patients 
in each group would have an~ chance of detecting a difference 
of 15 JDi of PCA morphine at the 5~ level between groups of 
patients requirini bigb or low cum:nt to stimulate movement. 
Table 17 Peanoo correlatioo coefficients, n-48 
There wu no correlation between cum:nt, PCA morphine use or 
pain SC<ltCS by linear or logistic reifCWon analysis. 
Although a nerve stimulator may help identify the po&ition of a 
nerve, we have found no re1ation&hip between the minimum 
current required 10 elicit muscle contraction and PCA morphine 
consumption. or perception of pain after surgery (fable 17). The 
absolute value of current may be leu important than clinical 
observation of the correct muscle movernenL 
Keywords: nerve. stimulation; anaesthesia. regional 
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Ciliary abundance and abnonnalities in critical 
illness 
R. J. Kay'•. J . Kirkby'•. J. R. Soe)'<f, G. WIUDI01*, J. A. Lanaton1, R. M. 
Moa~~:'•. aod P. MacnauibtonZ. 
1 EUt:lron MicroiCIJPY Cell/re, Uniwnity of PlylltOUlh and z IHP4,.,_11l of 
l.ruusiMsia, !Hrriford Hospi141. PI)IIIIOfilh, UK 
Mucociliary clearance is known to be impaired in the critically 
ill. 1 Abundance and ultrastructure of respiratory cilia are 
important determinants of efficient mucus clearance. Work in 
this area is limited, a previous study by Konrad t!l aL reponed 
reduced mucus transport and ciliary abundance but no chlllliC in 
the prevalence of ultrastructural abnormalities during days 1-3 of 
intensive care.2 
This study assessed ciliary abundance and ultrastructure in 20 
intensive care patients: 13 males, 7 females; ~ (62) yr; length 
of stay 1-28 (8) days; admission APACHE 1I score 6-27 (17); 
range (median). Six patients subsequently died in hospital. 
Cytological brushings were taken blind from the trachea for 
transmission electron microscopy (TBM). Small forceps were 
used to take biopsies from the first division of the main broocbi. 
TBM wu used 10 quantify the incidence of ciliary abnormalities 
in at leut 500 cilia per patienl taken from ten separate areas. The 
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m~~eosa of biopsies was imagcd by scanning elec:tron microscopy 
(SEM). digitally capturing tbe iargc:lt area po&sible whilst 
avoiding any areas of mechanical damage. Standard software 
were used to quantify ciliary abuodaDce in terms of percentage 
COVetlie. 'fbe )aboral()()' re~bers were blind to pllienl 
identity, di.agoosis and duration of stay. 
'I1=e is great variability in ciliary abundance and levels of 
abnonnality within ICU patielllS (Figure 11 ). A large proportioo 
has substantial abnormalities. 1bere is no clear link between 
length of ICU stay and reduced abundance or incidence of 
abnonnality. 
Keywords: lung, trachea. respiratory cilia; intensive care 
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POSTER PRESENTATIONS 
lontophoretically applied lidocaine to produce 
analgesia prior to Tuohy needle insertion 
S. L. AladeiWD•, A. S. Habib•, P. Sllarpe•, J. Shah and D. Buw 
Uni•uufJ lHfKl"-1 of AnonllruiD. Univenily Hospiuds of NHS Tnut. 
uicUkr,UK 
Pain oo injcctioo of subcutaneous local anaesthetic is a recognized 
problem. Iontophoresis of lidocaine is an .ccepted technique to 
produce denna1 anaesthesia.' 2 It is a painless technique that is 
well tola1ued.l 1be aim of this study wu to compare 
iootopboretically applied lidocaine with conventional local 
anaesthetic infiltration in providing analgesia prior to localization 
of the epidllnll space with a 16G Tuoby needle. 
Eighteen ASA I-ll women undergoing elective Caesarean 
scctioo were recruited. The patients were alloca&ed randomly to 
have either active or passive iontophoresis applied to the proposed 
site of epidural insertion. Tbe active iontopboresis group received 
4'*' lidocaine 1.5 mJ by iontopboresis followed by local infiltration 
of 3 ml of oonnai saline. The passive ionlopboresis group received 
l.S ml of normal saline by iontophoresis followed by local 
infiltration of 3 ml of 2~ lidocaine. An independent blinded 
Tabk 18 Compuison ol acdve and pasaive iontophorclis. •P<O.OS 
VRS VRS 
lo'lloplt .... Slda bleb 
Active~ 0 (0-4)• 2 (()...3)-
Pauive 1ontop1nsi1 2 (()...~) 3 (2-3) 
Dellvvy mode WWCa Orial&al 
11 2143 94 
SVD .t low fon;cps 1247 .s. 
VallOU& .t Keillands ..0. 19 
l!mqeK)' LSCS 391 16 
Eledl-.e LSCS 101 5 
obsenocr coUcctal verbal analogue acOt"CS (VRS) [G-10] for pain 
usociated with iootophoresia application, ramng a skin bleb, local 
infiltration and Tuoby needle ioaation. We also recorded the 
depth of tbe epidural space, 1ny additional local anaesthetic 
required and tbe depth at which pain occurred. SUtisOc:al analysis 
was dooe by the Mann-WhitDey U test and Cbi-Squm-ed test. 
P<O.OS was accepted as statistically &ipillicant 
Both groups were well marched for aac height and weight. The 
median (range) VRS are shown in Table 18. 
1bere was no difference between the two poups in the 
requiremeut for additional localiiUICilhetic or the depth at which 
pain was felt 
We cooclude that iontophoretic application of l.S mJ of 4'*' 
lidocaine is painless and is as effective as local ~naeubeUc 
infiltration with 3 ml of 2% lidocaine in providing analzesja for 
locating tbe epidural space. 
Ke,words: anaesthetics local, lidocaine; anaesthetic tcchnique5, 
regional, iontophoresis 
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Ethnicity and obstetric outcome 
B. A. .Lou&bnan. P. N. Robinsoo•, and M. ~...oaue• 
CHparr.omu of AnauiMsU. and Obnelria, Nonltwid: Part Hospilal, 
M~UK 
Nonhwick Park has ID annual delivery rate of around 4000 per 
annum. The population is multiethnic. There are large AliaD and 
Somali communilie$ each with cbeir own panicular health 
problems. There are very little data available on tbe dhnic 
variations in anaesthetic ~c care in tbe United Kin&dom. 
The St Mary's Maternity Information System (SMMIS) bas 
been in use in our hospital since 1987. Midwives collect baseline 
data oo each parturient routinely and the anaestbelic persoonel 
enter data on anaesthetic intetvcntioos and outcome into tbe 
anaesthetic module of the system. We examined the da1a base for 
primigravidae who delivered from 1997-1999 inclusive and 
examined it on the basis of racial group. Data were collected on 
4S95 mothers with ages ranging from 14 to 44 yr. Tbcrc were 13 
different racial classifications which were combined into five 
larger groups (group size rancing from 94 to 2143): White, 
Oriental, Asian, Afro.Carribean and Black other (mainly Somali). 
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Abnormalities of respiratory cilia in non· 
symptomatic smokers and non-smokers 
J. Klrkby'• . R. Kay'•, J. A. LanaJOo1• S. Loxdale2• . R. Moatc'•. aod J. 
R. Sneycf 
1 EJ«tron Microscope Unh. University of PlymouJh and 2CHportJMnl of 
Anautlw/D, CHrrijortl Hospilol, Plymoud.. UK 
Cigarette 11moking increases the risk of respiratory infections in 
~e post-operative period and in intensive care.' Studies compar· 
mg ulttutructural abnonnalities in smokers and non-smokers have 
yielded confticting results.l-4 
Tracheal brushings were coll.ected from 50 healthy smokers f1 
males, 16 females) and non-smokers (6 males, 21 females) after 
induction of anaesthesia (propofol, fentanyl, isofturane, N10) for 
day surgtty. Ciliary orientation and incidence of ciliary 
abnormalities were quantified by transmission electron micro-
scopy (TBM) analysis of transverse cross-&eetions taken from at 
least five separate areas. Laboratory researchers were: blind to 
patient details. A minimum of 500 cilia were eumined from each 
patient In an arbitrary sub-set of 30 patients cilial orientation was 
determined by measuring the alignment of the central tubules in 
>10 cilia in each of 10 images from each patient5 1bc: extent of 
disorientation in each patient was quantified as the standard 
deviation of the: angles of alignment. 
"~~ [J r-. [I Qol~_:::-1 
O 0-5 I 6-10 I 10-15 I 16-20 I 21-25 1 26-S() I 31-35 I 
SO of angles of alignment 
Fie 15 Cilial orienlalion (so of angles of alignment) &bowing no sipilicant 
wffeRoce between the groups (De&led ANOV A. p..(),45) 
The proportion5 of aboormal cilia in the: smokers and non-
smok~ were: 3.21% (median 2.n, range: 0.52-8.37) and 3.05% 
(median 2.89, range 0.76-7.21), respectively. There was no 
significant difference between the: groups (P=0.996, unpaired t· 
test after logit transfocmalion). None of the patients' cilia could be 
classified as grossly disorientated and the variation of cilial 
orientation in the two groups were similar (Figure: IS). 
We: were: unable to demonstrate any difference in ultrastructural 
abnonnalitic:s or cilial orientation between asymptomatic smokers 
and DOll-smokers. 
Keywords: lung. trachea, respiratory cilia; complications, 
smokers 
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ClLlAII.Y ABUNDANCE AND ULTRASTRUCTURE OP BRONCIIJ.AL RESPIRATORY 
EPITHELiUM IN VENTILATED PATIENTS 
I<Ay R. J.1, K.idoby J.', Macollug!Ooo P. D.', Bailey J.', Soeyd R. J.', Moal.e R. M.1, tngbam J.', 
Langtoo J. /\.1 1B.M.Uoit, Univusity of P~moulh. 'oin:<tAl<tlle of A.oaesfhesia and aidcal can: 
mcdlcioc, Dcniford Hospital, P1)1DOU!b, United Kingdom 
INTRODUCTION. ~aired r.spimay mucus transport b coromoa in pelients uocJcraoioa 
mochanic:al -oo wbo oft<u <-' proloogocd lnl<:beal intubolioa. Ciliary at.mdanc:e and 
uluas""""""' in<cgrily are k<y .,.._. of clfodivc mucus clcaraoce. A provious S1Udy lw 
reported !bot wiihin lbe r.,. Ill= <bys of mochanic:al ...,tilotloo, tbac Is alignili<=l ioausc in 
ciliary clerudotioo, but no signitiaot chaoge in lbe incidence or ciliary ultrutruc:tmal abooanaliOOI 
(I~ We baYC io,...;pted wbetber mot'e pro<racted V<IJiiJ.uxy support is IOIIOCialed witb dtooges 
in ciliary IIIMnclaoce and SlNClllr'e. 
METHODS. Fibrooptic brooc:hcooopy was pcrfOlii>OCI iD a ocricl of OC'IIlly imlbot<d poti.,.. at 
dllf"""t timo poims cloring lbeir admissioo 10 a penol mcdicai/IIW'J!Ical ioumivc can: uoiL 
Biopsy -Ieo of broochial respiralory cpilbelium ......., lake> and a brooc:bo-&lvcoia< ia"'l!• 
specimen obtained ill' microbiological aalmre. Samples w= tigG<'OIIIly blinded and p<cpat<d ix 
seaming (SEM) aDd trmsmissioo (l1lM) dcc:aou miaoocopic ClUIIDiDolloo. Tbt muoooa or 
biopsies w.., imaged by SEM, diplally copturing a large aa area u poosible wbllst avoidiog my 
"""' of mochanic:al damage. Staudanl toftwarc were used 10 quanliljo ciliary obuodaoce in tmns 
or - _ .. 1l!M was used to quantify lbe ioc:idmoa or ..- ciliary 
aboomlalities in • lca!t SOO cilis per patict1t udcr:o 6om oea xpara10 areas. 
RESULTS. Tbe dwal:tetistics oflbe poti<ou tiUdiod wcxc 34 male, 23 femal<; age 62 (18-85) 
ycaa; leogth of ll.ay S (1-29) <bys; admission APAOlll ll~~<>~m IS (2-27) [modian (range)]. A 
rod..:lloo in ciliary ablmdlmce (<70'/o) and.,. incn:uo in ciliary almmnalities (>S%) CU!1pllrod 10 
oonnaJ vah.a w.u found in 14126 aod 9/44 pall..., ""'poctively. Tbcrc wu oo cl""' relalioosbip 
bctw""' lhtoc abooonalities aDd the andedyiog diagnoais oe fbo praeocc of inl'cc:tlm. However, 
d>cre wu aligom-t relationship bctwceo lbe incidence or ciliary abnocmalitles and !be length of 
time paticnl3 were ""'tilaled (p= 0.02, 11.2=1 1.9%). A all'allg<r rdatioosbip was found bctwceo lbe 
oumbec of dayJ VUililatod and ciliary obuodaocc (p= 0.02, R2><-27.1%) with lbemcdiao value for 
clllaty obuodaocc for fbo fialiO d>)o being 88% (range 66%-97%) and roe da}• 11-29 bciog 50% 
(range 29%-90%). 
CONCLUSION. Tbb lludy c:oafums !bot aboo<malitics of o'lia<y ul- and abundonce 
are commoo ID pati<Dis undcrgo>ing mochanic:aJ ....tllatloa. n- c:baoges arc uoocialod with tbe 
dunrloa of~ IIIIJ>po<t and tbey may be an imp<ruol. mocbmism CXllllribWng 1o impaired 
mucous .._, Funba llUdics an: rcquirod 10 ....., pwotivc factcrs wbich may cause tbose 
cbaosca-
R.KFERENCES. ](Dmld F, Schiencr R, Mao. T, GeoqjclT M (1995) t1llruuucture aod 
MueocillaryTraooport ofBroochlal Respinoo<yf!pitbdium in lntubolodPallents. lot ~Mod 21 : 
482-4&9. 
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BRONCHOALVEOLAR LAVAGE ALTERATION IN VENTILATOR ASSOCIATED 
PNEUl\IONIA 
Tlallpris 1.1, IGt:siouli E.1, Lekka M.1, N:lkos G.1 11CU, Uoiven:ity Hotpit:ll of locu:mina. 
'cbcmisuy Dcpanmen~ Uoiveaily of loaoaina, IOODnina. 0..... 
INTRODUCTION. Vcn<ilalor A.ssnciolod Pncumoola (VAP) iJ !be most cxxnmoo noooc«niaJ 
infection of !be madtooically vcotilalod poticu13. Althoujjjl broncboolveolar lavage (BAL) 
rop.....,.. CJDe oflbe main tools foe lbediagnosisorYAP, BALalumions tbatprc<odc and follow 
V AP have nat bceo elucidalod. 
METHODS. We followod for two wed<:! 67 ooaVUJliooally vcntilatod poli""" (TV &-IOmllkg. 
PBBP: 3-&m H10), wbo inilially bad oonnaJ - X-<ay, oadsfact«y o"YJ!CCllllioa 
(PaO,/Fi0,>300mmH&). aDd no sign of canliopulmooary diJeax. AU paticnl3 wer-e oubjutod 10 
BAL 011 weddy basis. 13 potim<s, wbo chrio& lbo S1Udydcvdopod YAP, w= IUbjeclod 10 BAL 
in lbe involved broodlopulmonar ~ BAL was rcpcatod at tbe nmc ugmeot aftc< V AP'o 
IUO!Woa. P!uoios, total and classes or ~ipids, diff..-ial C<Utt!l'ugo!ioa and 
lnllarmwocy madccn (cdls, PAF, PAF-Adl) in BAL IJuld were measurod. 
RESULTS. YAP caused a oigniliaa>t incn:uo of BAL ~ protein and albu:nin. To<al 
pbospbolipids u weU as lbe pen:clllag< pboopbolipid IXIlii<Ol in 30.000.& rqnsen<ing !he 
a..-fioctantli111:1im witb good surface propcrtica, was llignii'ICIIOdy roduand durins YAP aod Ibis 
docreuc persisted aftc< VAP's reoolulim Al..,...._ of individual pbospbolipid clasleo were 
observed, mainly oonsilliog or signiriCOII1!y recl>ood _....., or PC and PO and in=uod 
lyaapbolpboliplds. P AI' and ncutrophils weno extmnely elavalod cloring V AP and remittod aftc< iu 
n:J<IIWoa. Naoe of the P"""""""' studied before !be develop.- of V AP, exhibilod a signili"""' 
diJTc:rence bctwceo V AP padcots and palimts vemilated for tbe JltiDC pcdod of time, wbo did oot 
develop V AP. 
BcfoceVAP YAP After YAP 
Total cdl coocn (xl03) 188ot31 42&>175 210±76 
Ahoeolar lDI<tOpboge (%) ntS Slit14 17±10 
N<Wophill (%) 20±<1 42±10 21±8 
Tow protcin (lglmL) 2Uti7J 142S±I2JI 347±gl 
Albumin (lglmL) 81±28 424<>301 91±40 
TOll! pboopboliplds(PL) (lg Plml BAL) l.litO.TJ l.llitll.79 1.24oi0.49 
Pboapbatidykbolino !!9, % of~ PL 60±7 S2±6 S9±8 
!::!elds% ~ 30000xS) 66.5±16.2 38.3±12.6 lS.Iitll 
PAP (pi"Jm BAL) 0 272±192 6±19 
PAI'-AcH (ommol PAF/ml BAUmin) 0.06±0.03 1.79±1.62 0.46±0.21 
CONCLUSION. Our rcoul13 ~ bigb level of BAL proteiD indicatiog an incrcaod 
alvoolao--caplllary permeability, peuistiog aufactam almmnalities and atroog bla rcwnlblc local 
inllamnw«y.......,. <h.ms !be <:c>uae of V AP. 
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DIAGNOSIS OF VENTJLA TOR-ASSOCIATED PNEUMONIA (V AP) USING CLINICAL 
PULMONARY INFECTION SCORE (CPIS) 
Fartoulth M.1, Hoocn S.2, Zahar J ', Crocco C.', Mai!re B.', Bnm-8uiiSOO C.' 1MICU, Hosp 
Hcnri Moodor, Cn!tei~ France, 1Microbiology, Hosp Hmti Mondor, 'MICU, Hosp Heori Moodor, 
'Foewnology, 'MICU, Hosp Hc:nli Moodor, Cr6!eil, 
INTRODUCI'ION. The CPIS proposed by Pugio et al.( I) ineludea a graded scoring of five 
-.lily accessible clinical variables (body temperature, blood leuk:OC)1es, ttacbeal secrecions, 
oxygenation (PaO,.'FiO,), pulmonary radiography) and of culture of tracheal aspirates CO dctmninc 
the likelihood of V AP. A CPIS score >6 is highly suggestive of pneumonia. Roc:enUy, a modif>ed 
CPIS score was proposed by Singh e1 al.(2), as an operatiooal criteria for dccisioo-malcing 
reganling ontibiolic th<npy. In patiemJ with a clinical suspicion of V AP, a CPJS score remaining 
<6 at baseline and at 3 days safely allowod CO stop antibioci<:s. How•""'· the diagnostic validicy of 
lhe CPIS score has )'Cl to be coofumod; besid£3, iu value fur initialiug anpiric llta:lpy would be 
improvod if it took iolo account direct cxaminalion of respiratory II'I!Ct specimens ratber than 
culture results at3 days. 
METHODS. We prospectively swdied 79 episodes of clinically suspecl<>d V AP, over a 16-month 
period, in 68 patieots having received mechanical venlilation for I 1.3 ± 8.2 da)O. BliDdcd (single-
sheathed protec1ed telescopic catbder, PTC) and direcled sampling (broncboalveolar lavage. BAL) 
techniques w..-. p<rlonned. Pn<omlooia wos oonfirmod in 40 epioodes (V AP+) by a positive 8AL 
fluid culture (>10c4 cfulmJ) of or least one microorganism. The Q>IS score Ill baseline (CPIS B) 
was cakuiJl1ed from the clinical variables on the day of sampling, or by including in additioo the 
results of gram staining of samples (CPIS G), 1o which was ascribed a score of2 when positive or 
0 when negative. 
RESULTS. In lhe oWBII population, tbe mean CP!S B score was 6.24 ± 1.5. In episodes with vs. 
without pnewnooin, lhe mean P/F ratio was 186± 72 w. 201 ± 71, theleuk:OC)1es count 16,865 * 
8,157 vs. 15,126 ± 7,849, and temperature, 38 ± 1•c vs. 38.1 ± 1.1 , and lhe mean CPIS 8 6 ± 1.2 
vs. 6 ± 1.7, rcspoctively. A CP!S B sooce >6 was reoorded in only 24 of the 40 (60%) YAP+ 
episodes, and as DlJUIY as 16 of the 39 (41 %) YAP- episodes. The operational cbantderislics of the 
CP!S 8 and CPIS G for predicting pneumonia are shown in lhe Table: 
Sensitivity Spoc:ificily Pos. predictive Neg. prodictive 
value value 
CP!S D >6 60% (24/40) 59% (23139) 60% 59% 
CPIS G(BAL)>6 85% (34/40) 49% (19139) 63'/o 76% 
CPIS O(PTC)>6 78% Ql/40) 56% (22139) 65% 71% 
CONCLUSION. TheCPIS score does not11CCU1111elyidentifypali.eolll with orwitboutpoeumonia. 
liS operatiooal c:baraderistics are markedly improvod by including gram stain of prolec:ted 
specimens in lhe ocore. which could be used oonfidmlly for dec:isioo-molcin& in initiating lhetapy. 
Only a few patieou having pneumonia would be missed by limiting therapy co thooe with a CPIS 
G>6. Thotapy can lben be adjust<d at24h according co allrure rcsulls. 
REFERENCES.(I)AJRCCM 1991; 143:1121;(2)AJRCCM2000; 162:S05 
SOS 
VENTILATOR-ASSOCIATED PNEUMONIA RISK FACI'ORS. A MULTICENTER 
STUDY 
Diaz E.1, Palomnr . M.', Alvarez·Loma. F.', sa . M.•, Spanish Collaborntive Group ' 1Critical 
Care, loon XX.111 University HospitAl, Tanugooa, 'critical Care, Hospil1115 V all d'Hebron, 3Crilical 
Care, HospiiAl del Mar, Ban:elooa. 4Critical Care, HospiiAl Soo u.ltur, Palma de Mallon:a, 'For, 
YAP, Study, Spain 
£NTRODUCI'ION. Ventilator-associated pneumonia (V AP) remains the lesding infection of JCU 
acquisition. Risk facton associated with V AP development have been studied in aomes 
lllOOOC<Dier IIUdies. The objective of thia study was definelhe role of oeWBI potential risk fllcton 
associalod or not previously with V AP. 
METHODS. Prospoclive observatiooal and multiceoter study in 17 lCUa. Studied risk facton 
were dcmogJ8pbie, ICVerily of illnels, UDderlying disease, therapy and prophylaxis, !)t>e of !CU, 
structural differences. Scatistics anal)$is: means, and X2. 
RESULTS. During the 12 months study period 1704 patieniS were odmiled in lhe 17 participating 
ICUs for a mean of 16.5+17.6 days, with 9.1 +9.2 days ofmecbanicalveotilatioo. The mean t<~• 
was 57.3+18 with 66.5% males. The APACHE D score was 18.2+ 7.6. Overal~ 353 patients 
developed 403 YAP, rqxeseotins 22.01 YAP episodes for 1000 MV days. Risk mcton for YAP 
arc expressed in lhe cable. Length of rtay (30.4+24 vs 12.9+13.3 da)O, p<O.OI) and monali.cy 
(46.6% va38.2%) were higher in patieots with VAP. 
VAP("/o) NoVAP{"o) p value 
COPD 25.9 20.2 0.01 
Paralizing ogmts 35.6 18.9 <0.01 
Sedative agents 22.8 14.1 <0.01 
Previous poeumonia 26.9 20.0 0.02 
ARDS 30.2 19.4 <0.01 
Aspiration 33.1 19.3 <0.01 
Previous oepsis 24.7 17.4 <0.01 
Previous antibiotic 19.5 27.4 <0.01 
CONCLUSION. Pulmonary disease of previous or recent acquisitioo and sedative and parnlizing 
agents increase the risk ofVAP. OvcmU, antibiotic use decreases tbel'llle ofVAP. 
Anes!besiology 2002; 97:275-7 © 200,2 American Society of Aoes!hesioiogisrs, Inc. Uppincott WiUiams & Wilkins, Inc. 
Cultured Rat Trachea as a Modelfor the Study of Ciliary 
Abundance 
The Effect of Oxygen 
Ross J. Kay, B.Sc.: Roy M. Moate, Ph.O.,t lsabelle Bray, Ph.D.,:t: J. Robert Sneyd, M.D.,§ Jeremy A. Langton, M.D.II 
THE mucociliary apparatus is the main defense mecha-
nism preventing respiratory infection, 1 removing in-
haled debris and pathogens from the airways.2 Many 
critical care patients suffer from ciliary loss? reduced 
cilia beat frequency, and mucus clearance, which may 
be related to the high incidence of nosocomial respira-
tory infections within intensive care. It is often necessary 
to use an increased fraction of inspired oxygen (F1oz) in 
patients receiving intensive therapy. High Flo2 induces 
cough and shortness of breath and decreases vital capac-
ity in humans, 4 and causes pathologic alterations within 
the lungs of many mammals. 5- 8 
Several studies have reported that increased F1o2 re-
duces mucus flow9•10 and cilia beat frequency and can 
lead to ciliostasis.11 •12 Although oxygen-induced injury 
in the lung has been morphologically characterized,5•13 
effects of elevated F1o2 upon the structure of the muco-
ciliary apparatus have previously been described only 
qualitatively. These studies suggest that elevated F1o2 can 
cause apical blebbing, increased mucus discharge/ 4 and 
flattening of the epithelium and ciliary denudation. 15 
Our study utilized organ culture, in which tissue organi-
zation is maintained but systemic influences are elimi-
nated, to investigate the effect of elevated F1o2 on ciliary 
abundance of rat trachea, using a thorough quantitative · 
method. 
Materials and Methods 
Cell CtJlture 
The complete tracheas from 65 male Sprague Dawley 
rats (240 -250 g) were aseptically dissected to produce 
390 pairs of matching tracheal half rings. These were 
placed ciliated surface uppermost, within a cell culture 
insert upon a 3 .0-~-tm, high-density membrane (Becton 
Dickinson, Franklin Lakes, l'U). One hundred microliters 
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of media (M199; Sigma, Poole, United Kingdom) sup-
plemented with penicillin (50 IU/ml), streptomycin 
(50 ~-tg/ml), 10% new born calf serum, and t-glutamine 
(100 J.Lg/ml) was carefully micropipetted around the 
tissue. A meniscus formed around the tissue, avoiding 
submersion of the lower ciliated areas while still provid-
ing nutrients to the tracheal underside. Supplementary 
nutrients were absorbed through the insert membrane 
from the companion plate well below (Becton Dickin-
son), which contained 1 ml of additional media. The 
companion plates were placed within specially con-
structed airtight chambers, with a culture tray in each 
chamber containing 50 ml of distilled water to maintain 
humidity. Chambers were flooded with 21 , 40, 60, or 
100% oxygen, (balance nitrogen), sealed and placed 
within an incubator set at 37°C. The experiment wa.'i 
repeated at least 6 times for all of the elevated oxygen 
groups (40, 60, and 100% 0 2) and 13 times for the 21% 
oxygen control group. Media and gas mixture were 
changed with daily sample collection. 
Scanni11g Electron Microscopy 
After collection, a researcher blinded to the incubation 
conditions fixed the samples in 2.5% glutaraldehyde, and 
after dehydration in ethanol, they were dried of liquid 
carbon dioxide by critical point drying. 
The dried specimens were mounted on aluminum 
stubs and coated with gold (K550; Emitech, United King-
dom) and examined under ajeol6100 scanning electron 
microscope operated at 10 Kv. The complete mucosal 
surface of each tracheal half ring was contiguously im-
aged, and digital pictures were collected by a computer 
(Semafore; JEOL, United Kingdom) at 500X magnifica-
tion, avoiding areas of mechanical damage. 
The images were analyzed using standard graphics 
software (Adobe PhotoShop v.5.0; Adobe Systems, San 
Jose, CA) utilizing a series of in built filters and auto-
mated actions that can distinguish between the ciliated 
areas and the background mucosa. This produced a 
binary image, and through use of the histogram option, 
which provides a count of black and white pixels, per-
centage ciliary cover was calculated. The abundance of the 
matching tracheal half rings was averaged to account for 
natural variation in dorsal and ventral ciliary coverage. 
Statistical A11alysis 
Differences in ciliary abundance of the four groups 
were analyzed for each day using a Kmskal-Wallis test; a 
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Fig. 1. Box plots to show the effect of (it) 
21% 0 2 , (B) 40% 0 2 , (C) 60% 0 2 , and (D) 
1 00% 0 2 on ciliary abundance of cultured 
rat trachea throughout the 12-day 
experiment. 
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P value of less than 0.05 was considered to be statisti-
cally significant. A follow-up analysis using a multiple 
range test was used to determine between which groups 
differences occurred. 
Results 
The changes in ciliary abundance over time of the four 
groups- 21, 40, 60, and 100% oxygen-are swnmarized 
as box-and-whisker plots in figure 1. 
The box represents the interquartile range of the data, 
which encloses the median, represented by a horizontal 
line. The graphs show natural variation in ciliary abun-
dance within the first days of culture. The ciliary abun-
dance of the samples decreased over time in all four 
groups, with marked differences in the rate of decline 
between the 21% oxygen and the three elevated oxygen 
groups (40, 60, 100% 0 2). 
From day 4 of culture, there was a statistically signifi-
cant difference (P < 0.05, Kruskal-Wallis test) developed 
between the four groups (21, 40, 60, and 100% 0 2), 
becoming highly significant (P < 0.01) from day 5 to the 
end of the trial. From day 6, the medians of the groups 
were observed to be within the expected dose- response 
order. For days 6-12 of the study, median percentage 
ciliary abundance was calculated for each group. These 
Table 1. Median Percentage Ciliary Abundance of Tracheal 
Cultures 
Ciliary Abundance for Days 6-12 
Group Median 90% Reference Range 
Air (21% oxygen) 27% 2-70% 
40% oxygen 8% 0-31% 
60% oxygen 3% 0--15% 
100% oxygen 0% Q-15% 
Median percentage c iliary abundance is shown for days 6- 12 of the study. 
Reference ranges were calculated from 0.05 and 0.95 percentiles of the data 
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values show decreasing ciliary abundance w ith elevated 
levels of oxygen (table 1). 
Discussion 
The significance of this study, in comparison to previ-
ous research, is the robustness of the methodology used. 
Previous reports have relied upon unblinded, tough 
grading of ciliary abundance leading to inaccurate mea-
surement and the possibility of observer bias. We over-
came this problem by blinding the laboratory researcher 
to sample identity and by development of an accurate 
computer-assisted method of quantifying ciliary abun-
dance (fig. 2). The use of computer selection of ciliated 
and nondliated areas and calculation of the overall abun-
dance remove any potential problems associated with 
observer bias. 
Using these methods, this study shows a statistically 
significant relationship between increased oxygen con-
centration and ciliary loss in cultured rat trachea. A 
possible mechanism to explain this oxygen toxicity is 
increased production of reactive oxygen species by the 
epithelial cells during hyperoxia. Reactive oxygen spe-
cies, which include the superoxide radical, hydrogen 
peroxide, and the hydroxyl radical, are mainly derived 
from a univalent sequential reduction of molecular oxy-
gen. Mitochondria are the main location of intracellular 
production, which may also result from autooxidation of 
small molecules or the function of some enzymes. 16 
The ciliated epithelium of the upper respiratory tract 
contains a large number of mitochondria close to the 
ciliated surface, making it prone to reactive oxygen spe-
cies production and consequent damage. The new meth-
ods developed in this study to culture ciliated epithelium 
and to measure ciliary abundance should allow future 
research to assess more accurately potential therapeutic 
antioxidants and help develop an increased understand-
ing of the process of oxygen stress. 
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Fig. 2. Micrographs showing ciliary abundance of rat trachea at day 0 (tl), trachea cultured for 6 days in 21% oxygen (Jl) and 100% 
oxygen (C), ~d a binary Image (D) produced by PhotoShop from the above micrograph. 
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>From: Ross Kay rossjames_kay@hotmail.com 
>Sender Type: Student 
>Topic: Critical Care Considerations in Trauma 
> Dear Dr Gaiter, 
> 
> I wish to ask for permission to use a copy of your diagram showing how 
> mucosal function varies with the deviation of inspired humidity from core 
>temperature and 100% relative humidity, in my PhD thesis. My research 
> concerns the integrity of the mucociliary apparatus in ICU patients and I 
> refer to your paper in my introduction and literature review as it 
> highlights the crucial role of adequate humidification of inspired gases 
> in proper MCC functioning. 
> 
> I would very much like to include the diagram as it clearly outlines these 
>relationships. Naturally,lt will be fully referenced and accredited to 
> yourself and the other authors. 
> 
>The diagram appeared in the paper: 
> 
>Relationship between the humidity and temperature of inspired gas and the 
>function of the airway mucosa, Willams R, Rankin N, Smith T, Gaiter D, 
> Seakins P, Critical Care Medicine, 1996 Nov 24: 1920-9 · 
> 
> Best regards 
> 
> Ross Kay 
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To: Kay, Ross [Non-Employee/5430] 
Subject: RE: Article: Correlations between ciliary structure and ciliary 
function 
Dear Ross, 
I see no problem using my diagram, and if possible I would like to receive a 
copy of your thesis! 
With best regards, 
Tom Willems 
Experimental Otorhinolaryngology 
Department for Human Genetics 
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apparatus in ICU patients and I refer to your paper in my introduction and 
literature review as it highlights the role of ciliary ultrastructural 
abnormalities and disorientation in MCC functioning. 
I would very much like to include the diagram as it clearly outlines these 
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The diagram appeared in the paper: 
Correlations between ciliary structure and ciliary function, Acata 
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Appendix Three 
Explanation of the Box and Whisker Plot 
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Explanation of a Box and Whisker Plot, illustrating the maximum, minimum, 
upper quartile (UQ), lower quartile (LQ) and outlying values. The box 
represents the inter-quartile range (IQR) while the whiskers show the tails of 
the distribution, drawn from the box to the most extreme value within 1.5 IQR 
from the upper or lower quartile, respectively. 
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understood to recognise that its copyright rests with its author and that no quotation from 
the thesis and no information derived from it may be published without the author's 
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